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Due to its complicated taxonomy, the ecology and evolution of the lichen genus Usnea has been 
understudied by lichenologists in New Zealand and around the world. To address this, almost 450 
specimens of Usnea were collected in this study from 42 different sites around the North and South 
Islands of New Zealand. Molecular data (ITS rDNA) were generated for both the mycobiont and 
photobiont symbionts using specific algal and fungal primers. For the first time, the phylogenetic 
positions of the specimens within the genus Usnea in New Zealand and their associated photobionts 
were studied using Bayesian phylogenetic analysis of the molecular data. The reliability of some of the 
most important phenotypic characters, which usually are used in specimen identification to species, 
were evaluated by mapping the characters onto the mycobiont phylogenetic tree. Patterns of 
codiversification within New Zealand Usnea were investigated by examining phylogenetic congruence 
for the mycobiont and photobiont symbionts using three independent, geographically-referenced 
molecular datasets, which varied in phylogenetic diversity and spatial extent. In vitro culture protocols 
for symbiont isolation and synthetic relichenisation were optimised for Usnea specimens in New 
Zealand and some of the culturable endolichenic microorganisms associated with these specimens 
were identified.  
Algal and fungal ITS rDNA regions were successfully generated for both the mycobionts and 
photobionts from 367 samples. The Bayesian mycobiont and photobiont phylogenetic trees revealed 
the first view of the phylogenetic position of Usnea specimens in New Zealand and some within-genus 
groupings are proposed based on the results of sequence-similarity BLAST searches, morphologically 
identified specimens, and the available Usnea species ITS sequences in GenBank. All photobionts 
associated with Usnea were from the genus Trebouxia and their phylogenetic tree suggested the 
presence of many different species including Trebouxia jamesii, T. brindabellae, and T. australis. 
Analyses of phylogenetic congruence between the mycobiont and photobiont genetic distances 
revealed very strong patterns of codiversification exist for the genus Usnea lichen in New Zealand at 
three spatial scales, from within one kilometre to across New Zealand. There was, however, some 
 ii 
variation in these codiversification patterns, which is likely to be driven by both intrinsic and extrinsic 
factors, such as the specificity of both partners towards each other, environmental conditions, and the 
availability of symbionts and their habitat preferences. In vitro protocols successfully produced axenic 
cultures of both the mycobionts and photobionts and provided an opportunity to compare the 
morphology and structure of both symbionts in their non-lichenised forms. These cultures of the Usnea 
mycobiont and the Trebouxia photobiont were used to successfully create a synthetic relichenisations, 
which had very different morphology compared to the parental thalli. Numerous algal, bacterial, and 
fungal endolichenic microorganisms living within Usnea thalli were cultured and identified. Of these, a 
relichenisation experiment showed that the alga Coccomyxa spp. is proposed to be a potential second 
photobiont associated with some Usnea mycobionts. The results of this thesis have improved our 
understanding of Usnea biology, phylogenetics and ecology and provide a foundation for further 
studies of this genus. 
Keywords: Usnea, Trebouxia, Lichen, Symbiosis, Phylogenetic, Mycobiont, Photobiont, 
Codiversification, In vitro Culture, Endolichens. 
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Chapter 1 
Introduction 
 
 
 
Lichens are known as the classic example of a mutualistic symbiosis (Seckbach and Grube, 2010) and 
they are defined as the association between a fungal partner (mycobiont) and at least one 
photosynthetic partner (photobiont), which can be an alga or a cyanobacterium (Nash III, 1996). The 
carbohydrates required by mycobionts, as heterotrophic organisms, are produced by their photobiont 
partners (sugar alcohols by algal photobionts and glucose by cyanobionts) and suitable conditions for 
photobiont growth are provided by the mycobionts’ structures (Nash III, 1996). However, based on 
evidence of the existence of free-living photobionts (Wornik and Grube, 2010) and the absence of 
free-living mycobionts (apart from a few exceptions reported by Wedin et al. (2004)) some scientists 
believe that the lichen symbiosis can be seen more as a parasitic interaction rather than one that is 
mutualistic (Ahmadjian, 1993b).   
The genus Usnea (Parmeliaceae) is one of the most widely distributed lichen genera for which we 
know relatively little about in most parts of the world (Clerc, 2004), including New Zealand (Galloway, 
2007). This well-distinguished genus has a unique morphological character at the generic level: a 
distinctive central axis of the fruticose thallus. However, it has a bad taxonomic reputation among 
researchers at the within-genus level (Clerc, 1998). Some morphological characters of the lichen 
thallus have been described to identify Usnea species (Clerc, 1987b, 1992, 2006; Clerc and Herrera-
Campos, 1997) and some biochemical analyses have been also recommended (Azami et al., 2004). 
However, recent application of molecular biology approaches to the phylogenetic relationships of 
Usnea mycobionts have provided a clearer view of this cryptic genus by showing that it represents a 
well-defined, monophyletic clade (Wirtz et al., 2006), which was previously argued to consist of four 
distinct genera (Articus, 2004b).  
The photobiont, the other important lichen symbiont, has, until recently, not received enough 
attention in the study of lichens (Dahlkild et al., 2001; Honegger, 1996), and the genus Usnea is no 
exception to this. While the axenic culturing of photobionts was previously the only way of observing 
the morphological characteristics of algal photobionts to identify them, new molecular methods now 
facilitate these kinds of studies (Friedl and Budel, 2008). The photobionts associated with Usnea 
mycobionts are generally thought to be unicellular green alga from the genus Trebouxia (Balarinová 
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et al., 2013). This genus of algae is the most common genus of lichen photobionts (Guzow-Krzeminska, 
2006). There are only a few reports of particular photobionts being consistently associated with a few 
species of Usnea (Sadowsky and Ott, 2012, He and Zhang, 2012) and although the presence of other 
non-Trebouxia algae has been reported in Usnea specimens, their activity as photobionts has not been 
tested (He and Zhang, 2012; Sadowsky and Ott, 2012).  
Symbiotic association in lichens is shaped by multiple interacting factors which are poorly understood 
in most lichen species (Yahr et al., 2006). Some of these factors are the specificity of symbionts 
towards each other, the effect of environment and habitat on each symbiont, availability of both 
symbionts, and the dispersal mode of the lichen (Fernandez-Mendoza et al., 2011; Yahr et al., 2004, 
2006). These factors drive the process of lichenisation and ultimately the distribution and abundance 
of lichens. Recently, molecular approaches have been used to study patterns of association in lichens 
(DePriest, 2004). Mycobiont and photobiont DNA sequences are generated to measure the level of 
congruence between the phylogenies of the associated partners. The patterns of association have 
never been studied for the genus Usnea and there is no information about the level of codiversification 
within this genus.   
In vitro culturing methods are not only used for identification and taxonomy (Friedl and Budel, 2008) 
but have also been used for investigating patterns of association and the process of lichenisation in 
some species of lichens (Ahmadjian, 1993b; Trembley et al., 2002). The isolated mycobiont and 
photobiont cells can provide data about patterns of association, such as specificity and selectivity via 
relichenisation experiments (Joneson and Lutzoni, 2009) and extracted pure fungal and algal DNA can 
help in addressing biological questions. For example, the establishment of a specific marker can be 
used to address questions about population genetics, reproductive systems, and modes of dispersal 
in lichens (Mansournia et al., 2012).  Gene expression studies can answer questions about the process 
of lichenisation (Joneson et al., 2011). In addition to these sorts of investigations, in vitro culture is a 
way of investigating the biological community within the lichen thallus by isolating endolichenic 
microorganisms, which may have effects on the lichenisation process (He and Zhang, 2012).  
In this research project several biological and ecological studies have been designed to increase our 
understanding of the genus Usnea, particularly in New Zealand. This research project focused not only 
on the mycobiont, but looked at these lichens as a biological community by specifically considering 
the photobionts and endolichenic organisms found within the lichen thallus. The main objectives of 
this study were: (1) to compare the DNA quality and quantity extracted using eight different methods 
of DNA isolation, (2) select the best method of DNA extraction from those that were tested for use in 
downstream applications in this research project, (3) to generate fungal molecular data from Usnea 
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specimens (both identified and unidentified) to gain better understanding of the species of Usnea 
present in New Zealand, (4) to construct a mycobiont phylogenetic tree using the generated molecular 
data and GenBank dataset to reveal some information about the phylogenetic position of Usnea 
specimens in New Zealand, (5) to evaluate the use of the important phenotypic characters used in 
taxonomic studies of Usnea lichens by studying their distribution on the generated phylogenetic tree, 
(6) to produce algal nuclear Internal Transcribed Spacer (ITS) ribosomal RNA (rDNA) gene data for all 
specimens, (7) to use these ITS rDNA sequences for the molecular identification of the photobionts, 
(8) to investigate the presence of cyanobacteria, either as symbionts or free-living cells within Usnea 
lichen thalli using molecular and microscopic studies, (9) to build a photobiont phylogenetic tree of 
Usnea spp. in New Zealand, (10) to estimate the number of photobiont taxa associated with New 
Zealand Usnea spp. by analysing the phylogenetic tree, (11) to describe the co-diversification patterns 
in the genus Usnea in New Zealand, (12) to assess the effect of the spatial scale of sampling on these 
patterns, (13) to optimise an in vitro culture protocol for isolating the symbionts of Usnea lichens, 
Usnea and Trebouxia, (14) to produce axenic cultures from isolated symbionts, (15) to study the 
morphology of the free-living symbionts and compare it to their within-lichen morphology, (16) to 
develop an in vitro re-establishment protocol for New Zealand Usnea spp., (17) to identify culturable 
endolichenic microorganisms living within examined lichen thalli, (18) to prepare DNA samples of 
sufficient quality and quantity for constructing a shotgun library and pyrosequencing data that could 
be used to detect potential microsatellite regions, and (19) to design primers for the potential 
microsatellites. 
 
 17 
Chapter 2 
Literature Review 
 
 
 
2.1 Lichens 
The mutualistic symbiosis between a fungal partner (mycobiont) and an algal or/and cyanobacterial 
partner(s) (photobiont) is the most common description of a lichen (Nash III, 1996). The carbohydrates 
required by mycobionts, as heterotrophic organisms, are produced by their photobiont partners; 
sugar alcohol by algal photobiont and glucose by cyanobionts (Nash III, 1996). Algae are the most 
common lichen photobionts and are mostly the unicellular green algal genus Trebouxia (Guzow-
Krzeminska, 2006). Cyanobacteria infrequently occur as the sole photobiont partner in a lichen thallus 
and more often as one of two photobiont partners in tripartite lichens (Friedl and Budel, 2008). 
Cephalodia are gall-like structures that contain cyanobacteria on the lichen thallus and occur in species 
that have both cyanobacteria and algae as their photobiont partners (Cornejo and Scheidegger, 2013).  
2.2 The genus Usnea  
The genus Usnea (Parmeliaceae) is a widely distributed genus of epiphytic lichens with more than 700 
reported species and is across the world however it is expected that almost half of these reported 
species are synonyms (Clerc, 1998). Difficulties in morphological identification within this genus 
caused that most of herbarium specimens are named incorrectly (Clerc, 1998). However, in New 
Zealand only 28 species have been reported and further investigation is needed (Galloway, 2007). 
Although, the photobionts of Usnea have not been well-studied, they are generally thought to be 
unicellular green algae from the genus Trebouxia (Balarinová et al., 2013).  
2.3 Taxonomy of lichens 
Many years after Schwendener’s (1867) discovery which removed lichens from the plant Kingdom and 
recognised them as fungi, the taxonomic study of lichens as members of the fungal kingdom was 
started by a few mycologists and lichenologists such as Nannfeldt (1932) and Santesson (1952). From 
those days until very recently, before molecular data became important in lichen systematics, 
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morphological and chemical data provided the main taxonomic characters in lichens. However, only a 
few of these taxonomic characters were really useful (Lüttge et al., 2010). The photosynthetic partners 
of lichen-forming fungi, the photobionts, have been neglected in taxonomic studies of lichens 
(Ahmadjian, 1993a).   
2.4 Taxonomy and the species concept in Usnea 
A range of morphological characters of the lichen thallus can be used to identify Usnea species, such 
as the colour of the basal portion of the thallus, the frequency of segmentation, secondary branching 
patterns, and presence and structure of the reproductive structures (Clerc, 1987a, 1992, 2006; Clerc 
and Herrera-Campos, 1997). Swinscow & Krog (1978) were the first to employ chemistry in lichen 
identification using thin-layer chromatography (TLC), leading to some cases where chemical analysis 
has been used (Azami et al., 2004) to improve the taxonomy of this genus. Galloway (2007) states that 
Usnea is a widespread genus in New Zealand, but he also complains about the lack of regional studies 
of this genus. Although 28 species of New Zealand Usnea lichens are reported in the “Flora of New 
Zealand Lichens”, the author believes “it is still only a very preliminary account” (Galloway, 2007). 
Therefore, improvement in taxonomy of this genus is an essential need in New Zealand. However, the 
literature shows that this genus has been studied extensively only in a few parts of the world such as 
Taiwan (Lin, 2007; Ohmura, 2012) or some parts of Europe (Clerc, 1987b, 1992; Fos and Clerc, 2000; 
Nascimbene and Tretiach, 2009; Randlane et al., 2009).  
Although the classification of Usnea lichens has primarily been based on their morphological 
characteristics, it has been stated that morphological classification of lichens is unreliable for their 
identification to the species level, and for representing the diversity of photobionts (Kroken and 
Taylor, 2000). Clerc (1992) stated that difficulties in morphological classification of Usnea lichens have 
caused this genus to remain poorly known at the species level. Morphological identification of Usnea 
lichens to species level is difficult due to their close morphological similarities (Walker, 1985) as they 
occur mostly in the vegetative form.  
Josef Motyka had a very typological view of the species concept in the genus Usnea and considered 
almost every morphological variant to be a separate species (Clerc, 1998). The result of this was a 
sharp increase in the number of Usnea species (79 described species of European Usnea increased to 
140 taxa at this time based on his species concept). Swinscow & Krog (1978) were the first scientists 
to form a new species concept in the genus Usnea based on intra-species variation which explains 
genotypic and phenotypic diversification among the population of one species. Although most of the 
species in this genus reproduce asexually (Clerc, 1998), genetic differences in species that reproduce 
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sexually should not be ignored. On the other hand, intraspecific variation can be caused by 
environmental factors.  
Here the literature is reviewed to obtain more details about morphological, chemical, and molecular 
characters as well as the methods that have been used for taxonomic and systematic studies in lichens, 
particularly the genus Usnea.  
2.4.1 Morphological characteristics of Usnea spp. 
Clerc (1998) named and discussed several important characters used by taxonomists to delimit species 
in the genus Usnea: the colour of the thallus, the habitus, the length of thallus, the thickness of the 
main branches, the shape of the branches, the pigmentation of the basal part of thallus, fibril 
structures, cortex foveoles, cortex brightness, cortex papillae, the thickness of the cortex, medulla and 
central axis, isidia (isidiomorphs), presence and structure of soralia, and geographic distribution. 
Some of these commonly used features are not good diagnostic characters. For example, high 
concentration of usnic acid produces the typical yellowish green colour of thalli in most species of 
Usnea while low concentration of this acid causes a greyish green thallus colour. Therefore, the colour 
of thallus is not recommended as a diagnostic character (Clerc, 1998; Swinscow and Krog, 1978). 
Another example is the habitus. Environmental conditions can affect the habitus in several Usnea 
species (e.g. U. rubicunda). There are some species that have variable habitus (e.g. U. substerilis) and 
their individual thalli can show a range of habitus between shrubby and pendulous (Clerc, 1987b, 
1992, 1998). Therefore, habitus is also not a good diagnostic characteristic. Another important point 
is that none of the above characters alone is able to distinguish species in Usnea (Clerc, 1998). 
Among the above characters, a few of them can be confusing. For example, there is a strong 
relationship between the length of a thallus and the age of a lichen (Clerc, 1998). Therefore, the same 
species at different ages might have different lengths of thalli. Fibrils are useful characters in some 
species but they cannot be distinguished easily from the young branches in their early stages of 
development (Clerc, 1998).         
Apart from the morphological characters reviewed by Clerc (1998), there are a few more characters 
that have been used for identification and taxonomy of Usnea spp. For example, the colour of medulla 
has been reported as one of the taxonomic characteristics in the genus Usnea and it has commonly 
been used as a morphological characteristic for identification to the species level (Randlane et al., 
2009). However, within-species medulla colour variation has been reported several times. For 
example, Hale (1962) showed that the medulla colour in U. strigosa varies from white to red and this 
 20 
variation was not related to the presence or absence of organic acids such as usnic, norstictic, and 
psoromic acids. Therefore, it is not an accurate and appropriate characteristic to be used. 
Reproductive structures are commonly used as important morphological characters in taxonomy of 
Usnea. Among these structures, Clerc (1998) believes that soralia are the most important ones. 
Although presence/absence of isidia has also been used. Clerc (1998) did not agree with the presence 
of true isidia in this genus and called them ‘isidium-like’ structures. The isidium-like structures were 
described similarly as isidioid spinules in Bryoria furcellata and variants were called isidiomorphs 
(Clerc, 1998). However, both of these structures have been noted to be important characters.       
2.4.2 Usnea chemotaxonomy 
Different chemical tests have been established for identification and classification of lichens. The most 
commonly used chemotaxonomic techniques are the spot test and thin-layer chromatography (TLC), 
although very sensitive techniques such as high performance liquid chromatography (HPLC), gas 
chromatography and mass spectrometry (GCMS) have been also used for this purpose (Karunaratne 
et al., 2005). Although the chemical spot test (it is also called the colour spot test) does not provide as 
detailed chemical information as TLC or HPLC, it has several advantages compared to other chemical 
tests. The chemical spot test is handy, fast, very economical, needs very little lichen material, and has 
no extraction procedure. This test is simply carried out by exposing a particular part of thallus (e.g. 
cortex or medulla) to a specific chemical and the reaction is monitored by colour change observation.  
Potassium hydroxide (KOH) along with hypochlorite solution were the first chemicals used for 
identification of lichens by Nylander (1866) to distinguish morphologically similar lichens using a spot 
test, where a small drop of the solution is applied to the thallus and changes in colour are recorded. 
Different concentrations of KOH, in the range between 10 to 35%, have been recommended by 
different researchers (Thomson, 1997). Paraphenylenediamine (PD) has also been used for 
identification and classification of lichens since it was introduced by Torrey (1935). PD should be 
prepared as an alcoholic solution. Extra safety is always recommended for using this chemical because 
it has been reported as a carcinogen (Chen et al., 2010). PD is highly unstable and deteriorates quickly, 
therefore it is recommended that fresh PD solution is prepared every hour for the spot chemical test 
(Goward et al., 1994; Thomson, 1997). Application of KOH and PD have been reported in Usnea 
chemotaxonomy and identification studies for many years. For example, Hale (1962) used both KOH 
and PD to examine the specimens of U. strigosa in the United States. However, Clerc (1998) believes 
that chemical characters do not have a diagnostic value at the species level unless they are strongly 
correlated with one or more morphological characteristics.     
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2.4.3 Systematics and taxonomy based on fungal molecular data 
While most of the available reports on the taxonomy of lichens are based on morphological methods, 
the newer molecular methods used in phylogenetic studies are recommended to confirm and/or 
improve lichen classification (Wirtz et al., 2008). The first step in collecting molecular data from lichen 
specimens is isolating their genomic DNA. Extracting high quality DNA for use in downstream 
applications has been reported to be difficult in many species of lichens (Armaleo and Clerc, 1995). 
Presence of large amounts of polyphenols, proteins and polysaccharides are thought to be the main 
reason for these difficulties (Cubero et al., 1999). Usnea spp. are not immune from this issue and 
extracting high quality DNA from them, and especially from herbarium specimens (Bridge, 1998), has 
been reported to be problematic.  Many different methods of DNA isolation have been reported for 
different species of lichens. Although manual DNA extraction methods have also been used in different 
studies, commercially available DNA purification kits have been mostly reported for isolating DNA 
from lichen specimens.  
Among all methods of DNA isolation, the DNeasy® Plant Mini Kit from QIAGEN has been most 
frequently used for isolating DNA from different Usnea species such as U. florida, U. subfloridana, U. 
hirta, U. articulata, U. baileyi, U. antarctica, U. sphacelata, U. subabtarctica, U. trachycarpa and many 
more species in the few available molecular studies of Usnea spp. (Articus, 2004a; Articus et al., 2002; 
Kelly et al., 2011; Seymour et al., 2007). A CTAB method optimised for DNA isolation from other genera 
of lichens has also been found useful for isolating DNA from central axis of Usnea spp. (Cubero et al., 
1999). To my knowledge, there have been no studies carried out to evaluate the best method of DNA 
purification from fresh and herbarium specimens of Usnea.  
Polymerase chain reaction (PCR) based DNA fingerprinting techniques, such as random amplified 
polymorphic DNA (RAPD)-PCR, amplified fragment length polymorphism (AFLP)-PCR, molecular 
identification based on DNA sequences available in Genbank and other databases, production of DNA 
barcoding systems, and phylogenetic analysis, are some of the most common molecular techniques 
for the molecular systematic, identification and classification of lichens (Larena et al., 1999; Lumbsch 
and Schmitt, 2002; OROCK et al., 2012; Schoch et al., 2012).  
The nuclear ribosomal internal transcribed spacer (ITS) region of fungal DNA has commonly been used 
for the purpose of identification and classification of various taxa of fungi in different studies. This 
region has the highest possibility of successful identification in this kingdom compared to other 
regions of the ribosomal cistron (Schoch et al., 2012). High levels of consistency and uniformity of ITS 
rDNA within the kingdom Fungi is one of the main reasons for frequent use of this region in molecular 
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studies of different species of fungi (Schoch et al., 2012). Another advantage of the ITS rDNA region is 
the availability of a big ITS rDNA dataset in GenBank for comparison with sequences from specimens 
of interest. Schoch et al. (2012) reported the presence of almost 172,000 full-length ITS sequences 
from almost 15,500 species of fungi in GenBank.  
DNA sequences obtained from DNA sequencing machines are not always problem-free and many of 
them contain base-call errors (Chou and Holmes, 2001; Li and Chou, 2004). Although DNA sequences 
in databases may have some inaccuracies and errors they are necessary to answer certain questions 
in different studies which cannot be addressed using non-DNA based techniques. These errors are 
often caused by biological contamination but may be due to technical issues or human error at any 
stage of sequencing, electropherogram generation or interpretation (Freschi and Bogliolo, 2005). Raw 
sequences usually get cleaned up and trimmed before analysis to increase the quality and reliability 
of the result. Trimming (Li and Chou, 2004) and editing (Freschi and Bogliolo, 2005) are the names 
usually given to the process of treating raw DNA sequences to make them as trustworthy as possible. 
However, methods of DNA editing and trimming are not used or mentioned in many reported 
molecular studies based on newly produced DNA sequences. For example, Schmull et al. (2011) did 
not mentioned any trimming or editing process after generating mtSSU and nrITS DNA sequences, 
which were used in a phylogenetic study of lichen-forming fungi of the genus Lecidea. This is 
commonly the case. 
Based on the importance of DNA sequence trimming and editing, some programs and software have 
been designed to automatically edit the raw DNA sequences. Sequencher® sequence analysis software 
(Gene Codes Corporation, Ann Arbor, MI USA), Lucy DNA sequence quality and vector trimming tool 
(Chou and Holmes, 2001; Li and Chou, 2004), and SeqTrim (Falgueras et al., 2010) are a few examples 
of this type of program. However, many researchers prefer to perform the DNA trimming manually. 
To my knowledge there has been no study to evaluate the influence of the trimming process on the 
outcome.  
Importance and challenges of identification of fungi to species level in different research areas from 
pathology to agriculture and forestry have been well-documented (Begerow et al., 2010; Blasi et al., 
2010). DNA sequences (500 to 800 bp) containing species-specific molecular data, called DNA 
barcodes, have recently been used for identification of fungal species. Expertly identified lichens are 
used to produce a library of reference DNA sequences as barcodes for identification of lichen 
specimens. For example, Leavitt et al. (2013b) introduced five new species of Rhizoplaca through DNA 
barcode identification in the R. melanophthalma species-complex. However, DNA barcodes have not 
been established for many genera of lichens, including Usnea. 
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Phylogenetic analysis has also been used many times for the characterization, classification and re-
classification of different genera of fungi, including lichen-forming fungi (Blanco et al., 2004; Larena et 
al., 1999). For example, Zheng et al. (2007), through phylogenetic analysis of lichenised fungi 
Rhizoplaca, showed that this genus cannot be considered as a separate genus from Lecanora. Another 
example is the re-classification of parmelioid lichens containing Xanthoparmelia-type lichenan via a 
phylogenetic study by Blanco et al. (2004). Phylogenetic relationships of species in the genus Usnea 
have also been studied (Articus, 2004a, b; Lumbsch and Wirtz, 2011; Truong et al., 2013). The 
importance of the method of DNA sequence alignment for constructing a phylogenetic tree should be 
obvious (Brown, 2002; Löytynoja and Goldman, 2008). The basic mathematical approaches behind the 
sequence alignment are the ‘similarity methodology’ to maximize the number of matched nucleotides 
(Needleman and Wunsch, 1970) and the ‘complementary methodology’ to minimize the number of 
mismatched nucleotides (Waterman et al., 1976) between the DNA sequences. A multiple alignment 
approach is used for aligning several DNA sequences, and various multiple alignment tools are 
available and employed by phylogeneticists. CLUSTAL (Higgins and Sharp, 1988), MAFFT (Katoh et al., 
2005), and MUSCLE (Edgar, 2004) are a few popular multiple alignment tools, which have been also 
used in some lichen systematic studies (Leavitt et al., 2013a; Nelsen et al., 2009; Sohrabi et al., 2013). 
Systematic errors in traditional multiple sequence alignment techniques, which don’t distinguish the 
insertions and deletions as separate evolutionary events and neglect the phylogenetic implications of 
gap patterns, caused bioinformaticians to generate phylogeny-aware methods of alignment to 
improve the quality of molecular information for downstream analyses (Löytynoja and Goldman, 
2008; Szalkowski, 2012). PRANK (Löytynoja and Goldman, 2008, 2010) is an alignment software 
package that has been designed to use a phylogeny-aware alignment method. The aligned sequences 
are used for constructing phylogenetic data using different statistical approaches. Maximum 
parsimony (Edwards, 1996; Edwards and Cavalli-Sforza, 1963; Fitch and Margoliash, 1967), maximum 
likelihood (Felsenstein, 1981), and Bayesian (Yang and Rannala, 1997) phylogenetic inference are the 
most common statistical approaches used to construct phylogenetic trees.        
Some other molecular techniques have been also used for studying Usnea species. For example, 
among the DNA fingerprinting techniques, RAPD-PCR was employed by Heibel et al. (1999) to evaluate 
the genetic variation of Usnea filipendula populations in Western Germany. A DNA barcoding system 
was established for 16 species of British Isles Usnea using morphological and chemical characteristics 
and this system was shown to be a potential way to identify a high percentage of specimens to the 
correct species (Kelly et al., 2011). A phylogenetic study of some Usnea species using ITS and large 
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subunit (LSU) ribosomal DNA regions confirmed that U. florida and U. subfloridana are not distinct 
species (Articus et al., 2002).     
Usnea is one of the largest genera within the family Parmeliaceae and there have been some 
disagreements about the phylogenetic position of this genus in this family. While Articus (2004a) 
suggested that, based on evidence from molecular phylogenetics, the genus Usnea was formed by 
four monophyletic genera namely Usnea, Neuropogon, Eumitria, and DolichoUsnea, Crespo et al. 
(2007) showed that all Usnea species form a well-supported monophyletic lineage in the family 
Parmeliaceae and they should be considered as only one genus. Therefore, all recent phylogenetic 
studies on the genus Usnea are in agreement that the four main clades named Usnea, Neuropogon, 
Eumitria, and DolichoUsnea are four main phylogenetic groups within the genus Usnea (Figure 2.1).  
 
Figure 2.1 Usnea phylogenetic tree reveals four highly-supported clades which correspond to the 
four previously published subgenera Eumitria, DolichoUsnea, Neuropogon and Usnea. 
This figure was obtained from Truong et al. (2013). 
 
2.4.4 Combining genetic and phenotypic information to address taxonomic and 
evolutionary questions in lichens 
Although molecular analysis of lichens is used widely these days, establishing the monophyletic status 
of many different lichen taxa based on traditional diagnostic characters and molecular data has still 
 25 
been one of the main goals in lichen taxonomic research. For example, all phylogenetic information 
based on morphology, chemistry and molecular data collected from Sticta lichen species was analysed 
separately and simultaneously by McDonald et al. (2003) and they were able to successfully identify 
some monophyletic species groups within this genus. Therefore, application of all available methods 
of identification such as molecular, morphological and chemical analysis is recommended for more 
reliable classification and identification of Usnea lichens (Seymour et al., 2007). 
As Clerc (1998) recommended, looking at as many specimens as possible, from both the field and 
herbaria, is essential for starting a systematic study in the genus Usnea. The second step, discussed by 
Clerc (1998), is considering at least two independent characters for classifying the specimens, 
preferably one morphological and one chemical character. The importance of genetic structure of 
populations for clustering them into different groups has been introduced to the modern species 
concept by Mallet (1995). The incorporation of morphological characterisation, chemistry and 
genetics was assumed to be a good method to improve the taxonomy of Usnea, especially in the case 
of sibling species by Clerc (1998). 
The conflict of traditional taxonomic concepts in lichens with molecular systematics and new DNA-
based taxonomy based on phylogenetic reconstructions has been commonly reported (Lumbsch, 
2007; Printzen, 2010). Distinct lineages of lichens appear to share several phenotypic characteristics 
(Baloch et al., 2010) and this is the reason why identification of appropriate taxonomic characteristics 
concordant with phylogenetic relationships is problematic in several groups of lichens (Crespo and 
Ortega, 2009).  
Reconstruction of the evolutionary development of phenotypic characters, based on evidence from 
the fossil record, is difficult for lichens as a broad fossil record in fungi is absent (Crespo and Ortega, 
2009; Taylor et al., 2003) and therefore ancestral character reconstruction methods via molecular 
phylogenies are commonly used in lichens (Ekman et al., 2008). Mapping phenotypic characters on 
phylogenetic trees does not only help to reveal important and practical characters for taxonomic 
studies but is also one of the best methods to address evolutionary questions  (Huelsenbeck et al., 
2003). For example, phenotypic evolution within parmelioid lichens was investigated using a multi-
locus phylogenetic tree mapped with phenotypic characters (Divakar et al., 2013).  
This method has also been frequently used for estimating the geographic origins of different 
organisms. For example, McGuire et al. (2007) used this approach to study the geographic origin of 
hummingbirds, while it has also been applied to the geographic distribution of fruit flies (Morales-
Hojas and Vieira, 2012). Historical biogeography of lichens has also been studied using this method. 
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Lücking et al. (2008) constructed a morphological phylogenetic tree and analysed the historical 
biogeography of the genus Chroodiscus by considering the geographic distribution of 14 species of this 
lichen-forming fungal genus, revealing a South American origin for this genus. In another study by 
Otálora et al. (2010a), the biogeographic history of a lichen complex (Leptogium furfuraceum - L. 
pseudofurfuraceum) was reconstructed through a phylogenetic study based on a multi-locus dataset 
(ITS and LSU rDNA as well as RPB2 protein coding regions). The result suggested four geographically 
restricted genetic lineages for this lichen complex.   
2.5 Photobiont 
Photobionts are the photosynthetic partners in the lichen symbiosis. Lichen photobionts can be 
eukaryotic green algae and/or prokaryotic cyanobacteria. There are two different views on the role of 
photobionts within the lichen thallus. First, that photobionts are in a mutualistic symbiosis with their 
fungal mycobiont partners and second, that the photobionts are parasitized by the fungal mycobionts 
(Lücking et al., 2009). The first idea, the mutualistic association, has been based on this reason that 
both mycobiont and photobiont provide some benefits for each other; photobiont produces nutrients 
for its mycobiont partner and mycobiont provides a suitable environmental condition for its 
photobiont partner (Sarma, 2012). The second idea, parasitic relationship, has been based on this 
reason that Mycobiont is the obligate partner that needs photobiont for living but photobionts are 
mostly able to grow as free-living cells (Sarma, 2012). Photobionts are derived from almost 40 
different genera of algae (Friedl and Budel, 2008) and a few genera of cyanobacteria (Boonpragob et 
al., 2013). The algal photobionts are commonly called phycobionts. Among different genera of algae 
Trebouxia and Trentepohlia have the highest numbers of photobionts (Friedl and Budel, 2008). The 
cyanobacterial photobionts are called cyanobionts and they are mostly from the genus of Nostoc but 
cyanobionts from other genera such as Stigonema, Scytonema, Tolypothrix, Calothrix, Dichothrix and 
Fischerella have also been reported (Whitton, 2012).  
Lichens are divided into three groups based on their type(s) of photobionts: (1) mycobionts (fungal 
partners) associated with only phycobionts (algal partners), the biggest group of lichens, (2) 
mycobionts associated with only cyanobionts (cyanobacterial partners) which are called cyanolichens, 
and (3) mycobionts associated with both phycobionts and cyanobionts (tripartite lichens). In tripartite 
lichens, green algae are the primary photobionts and cyanobacteria are located in structures called 
cephalodia, which can be internal or external (Friedl and Budel, 2008). Recent studies by Henskens et 
al. (2012) changed this classification by showing that cyanolichens, which have been reported to have 
only cyanobacterial photobionts, also have green algae in the same cyanobacterial layer, which 
contribute to photosynthesis. 
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Photobionts in lichens have not been extensively studied by taxonomists (Ahmadjian, 1993a), 
primarily because they are a minor component of the lichen thallus, therefore they are usually ignored 
by botanists and lichenologists. However, photobionts are of critical importance for our understanding 
of lichen biology because mycobionts are not able to form a lichen thallus without a photobiont. One 
of the reasons behind this tight symbiotic relationship is the heterotrophic character of the fungal 
partner (mycobiont) and autotrophic character of the photobiont. Sugar alcohols and glucose are the 
carbohydrate products of algal photobionts and cyanobionts respectively in lichens (Friedl and Budel, 
2008). N2-fixation by some strains of cyanobionts has also been reported (Boison et al., 2004). These 
cyanobacteria form specialized nitrogen-fixation cells called heterocysts, which are perfect anaerobic 
chambers to prevent nitrogenase deactivation by oxygen (Malcolm and Malcolm, 2000).  
2.5.1 Identification and taxonomy of photobionts 
Studying and identifying lichen photobionts with only the naked eye is impossible, and this is perhaps 
one of the most important reasons why photobionts are ignored in many lichenological studies. 
Preparation of sections from the lichen thallus to see the tissue under a microscope is an initial step 
to identify the photobionts (Gartner and Ingolic, 1998). Although light microscopy can be used in most 
cases to identify the photobiont, particularly the algal photobiont at the genus level, other techniques 
such as culturing and molecular studies are essential for identification at the species level (Friedl and 
Budel, 2008; Gartner and Ingolic, 1998). 
In terms of taxonomy, photobionts usually show different morphological characteristics compared to 
their free-living forms. This difference makes identification using morphology very difficult. For 
example, the filamentous form of a photobiont within a lichen is usually very different from the free-
living cells, e.g., cyanobionts from the genus Dichothrix and Trentepohlia algal photobionts (Friedl and 
Budel, 2008). Therefore, identification of photobionts without isolation, culturing and molecular 
approaches in many genera is very difficult. Among the cyanobionts, the non-branched genus Nostoc 
and branched filamentous genus Stigonema are more easily identified within the lichen thalli because 
of their distinctive morphologies.  
Microscopic techniques are employed to study photobionts in lichens. Light microscopy and 
fluorescent microscopy are two simple and reliable methods that are commonly used for observing 
cyanobionts within lichen thalli. For example, Henskens et al. (2012) used both light and fluorescent 
microscopes for studying the algal and cyanobacterial photobionts in different lichen genera, namely 
Pseudocyphellaria, Sticta and Peltigera. Miura and Yokota (2006) used a fluorescent microscope to 
observe cyanobacterial morphology to understand which cyanobacteria were contaminants (on the 
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lichen’s surface) and which were symbiotic (entrenched in fungal hypha). Grube and Berg (2009) used 
fluorescent in situ hybridization (FISH) and confocal laser scanning microscopy (CLSM) to monitor the 
bacterial and fungal communities within lichen thalli, including cyanobacteria, and these methods 
were cited as reliable for studying the abundance, composition, and structure of lichen-associated 
microbial communities.  
However, due to the morphological difficulties in studying photobionts, microscopy is usually used as 
the initial step for evaluating photobionts and culturing is recommended to produce free-living algal 
and cyanobacterial axenic cultures to ease the photobiont identification process (Fontaine et al., 
2012). For example, Scytonema cyanobionts (Lücking et al., 2009) and Diplosphaera phytobionts 
(Fontaine et al., 2012) were isolated from lichen thalli using culturing methods to identify these 
photobionts. 
Recently, molecular approaches have also been used to identify and study the phylogeny of the 
photobionts associated with lichen mycobionts. Genomic DNA extracted from a lichen thallus is a 
mixture of both mycobiont and photobiont total genomic DNA. Specific algal and cyanobacterial 
primers are employed to amplify the region of interest from the associated photobionts. Nuclear 
ribosomal internal transcribed spacer (ITS) and 16S ribosomal RNA (rRNA) genes are the most common 
regions used to identify the phycobionts and cyanobionts respectively (Helms et al., 2001; Lohtander 
et al., 2003; Summerfield et al., 2002). However, other regions of DNA have also been sequenced for 
the purpose of identifying photobionts in lichens. For example, the tRNALeu (UAA) intron in 
cyanobacteria is a group-I intron that has been used to study the diversity of cyanobacteria in many 
studies (Costa et al., 2001; Paulsrud and Lindblad, 1998).     
2.5.2 Multiple photobionts within a single thallus 
The ability of lichen-forming fungi to associate with more than one photobiont is clearly seen in lichens 
containing both algal and cyanobacterial photobionts. However, isolating not only different 
genotypes, but different species of algal photobionts from the same lichen thallus has been also 
reported several times. One of the earliest reports was from Ihda et al. (1993) in which three different 
species of Trebouxia, namely T. gelatinosa, T. potteri, and T. showmanii were isolated from the same 
thallus of Anzia sp. in Japan. Guzow-Krzeminska (2006) also observed the presence of two different 
species of Trebouxia spp. as photobionts in a single thallus of Protoparmeliopsis muralis. Studies of 
photobionts in other genera, such as Dermatocarpon, also showed initial evidence of presence of 
multiple photobionts within the same lichen thallus and suggested further investigation (Fontaine et 
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al., 2012). The presence of multiple photobionts is not only reported for the algal photobionts. For 
example, Miura and Yokota (2006) observed two kinds of cyanobacteria in one lichen thallus. 
2.5.3 Photobionts associated with Usnea spp. 
Little research has been carried out to investigate the photobionts associated with Usnea spp. Usnea 
photobionts are most often reported by lichenologists as unicellular green algae from the genus 
Trebouxia (Balarinová et al., 2013).  Trebouxia was formerly believed to consist of two genera, 
Trebouxia and PseudoTrebouxia, based on differences in reproductive systems, but recent studies do 
not support this classification (Friedl and Budel, 2008). Although He and Zhang (2012) confirmed the 
presence of another genus of green algae, Poterioochromonas, in a thallus of Usnea longissima 
associated with Trebouxia sp., to my knowledge there has been no other evidence of non-Trebouxia 
photobionts in any species of Usnea lichen.  
2.6 Patterns of codiversification 
Specificity and selectivity are two, well-defined and important patterns of association between the 
photobiont and mycobiont partners in lichens. Specificity is commonly defined as the acceptable range 
of partners for a given mycobiont (Rambold et al., 1998; Yahr et al., 2004).  In contrast, selectivity is 
commonly defined as the frequency of photobiont partners that a given mycobiont associates with 
(Rambold et al., 1998; Yahr et al., 2004), or alternatively, it is sometimes simply expressed as a 
preference towards particular compatible partners (Rambold et al., 1998; Yahr et al., 2004). Recent 
molecular studies have rejected the historical view that lichen symbioses, particularly cyanolichens, 
were non-specific (Paulsrud et al., 2001). The causes of patterns in specificity and selectivity may be 
genomic (intrinsic) and/or environmental (extrinsic) (Yahr et al., 2006). The outcome of recent 
research investigating the patterns of association in different lichens at different taxonomic levels has 
been mixed.  Some studies have shown that mycobionts have a high level of specificity towards their 
photobiont (Fontaine et al., 2012; Otálora et al., 2010a; Yahr et al., 2004). For example, Fontaine et al. 
(2012) observed that the same photobiont species was shared among different specimens of 
Dermatocarpon luridum var. luridum collected from different habitats (three Canadian and four 
Austrian thalli) through algal culture and ITS rDNA gene sequencing. However, in some cases, 
symbionts were shown to lack specificity towards each other. For example, Wirtz et al. (2003) 
observed different species of lichen, namely Massalongia carnosa, Leptogium puberulum, Psoroma 
cinnamomeum, Placopsis parellina, and Placopsis contortuplicata had low specificity for their 
cyanobacterial photobionts. 
 30 
Patterns of association in lichens, such as specificity and selectivity, as well as photobiont availability, 
can significantly influence their spatial distribution (Cornejo and Scheidegger, 2009). For example, a 
highly specific mycobiont that only associates with a specific photobiont lineage, is likely to be 
restricted in its distribution to where the photobiont is available. For example, Marini et al. (2011) 
showed that epiphytic lichen species richness across Italy depends on the effect of climate and forest 
structure on the photobionts associated with those lichens. Although investigating the diversity of all 
available algae and cyanobacteria in each study site is not possible, the genetic relatedness of 
associated partners can provide reliable information indicating the range of specificity and selectivity 
in a species or genus of lichen (Honegger, 1996, 2009). For instance, measuring mycobiont and 
photobiont specificity and selectivity among a given set of study sites where the photobiont species 
(photobiont pools) are consistently available, allows us to infer whether or not photobiont availability 
is an important driver of the association patterns  (Yahr et al., 2004).  
While some studies have suggested a relationship between availability of photobiont and climate, 
others have not found any significant connection between them. For example, correlation between 
the existence of some specific species of Trebouxia and certain microclimatic conditions was reported 
by Helms (2003b), whereas Ruprecht et al. (2012) did not observe any differences in the photobiont 
diversities among the diverse climatic regions of the Antarctic. In addition, the observation that at 
least some species of lichen contain more than one species of algal or cyanobacterial photobiont in 
one thallus (Bačkor et al., 2010; Muggia et al., 2013) is an important consideration when evaluating 
these patterns. Molecular technique which is commonly used in producing data for evaluating the 
patterns of association such as conventional PCR amplifications might only detect one of the present 
species (Grube and Muggia, 2010) and ignoring the presence of other photobiont(s) affects the result 
of the study. 
The most common method for measuring mycobiont and photobiont specificity is the genetic analysis 
of lichen specimens. For example, Yahr et al. (2004) measured the level of mycobiont specificity and 
selectivity for algal photobionts in Florida scrub Cladonia lichens by measuring the genetic similarity 
and frequency of association between compatible partners. They measured the clade-level diversity 
by counting the number of clades that each species of symbiont was associated with. The results of 
their study suggested high levels of fungal specificity and selectivity towards the photobionts. 
However, for this sort of analysis, fully-resolved phylogenies are required, which, for most lichen taxa, 
are not available. In such cases, other methods need to be used for analysing the patterns of 
association (Balbuena et al., 2013; Hoelzer and Meinick, 1994). For example, one very recent statistical 
tool designed for cophylogenetic analysis without fully-resolved phylogenies is the procrustean 
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approach to co-phylogeny (PACo), which evaluates the significance of congruence between two 
genetic distance matrices, i.e., the codiversification pattern, by randomising the association data from 
the partnered organisms  (Balbuena et al., 2013).   
In a few cases, in vitro culturing techniques have been used to test for patterns of association in 
lichens. For example, many different species of Trebouxia and Asterochloris were used for in vitro 
lichenisation tests with Protoparmeliopsis muralis mycobionts by Guzow-Krzeminska and Stocker-
Worgotter (2013). Successful resynthesis of this mycobiont with all the examined algal species showed 
that the mycobiont P. muralis had a low level of specificity towards photobionts.  
Cospeciation, (host) switching, duplication, and lineage sorting are four evolutionary events specific 
to close symbiotic interactions, and have been most often considered in evolutionary studies of host-
parasite associations (Ricklefs et al., 2004). These four evolutionary events were beautifully explained 
and illustrated (Figure 2.2) by Page (1996). Phylogenetic congruence between associated symbiotic 
partners may be due to cospeciation or these other biological events (Weber and Agrawal, 2012); 
however, other patterns such as habitat and environmental factors, biogeography, and sampling 
methods must also be considered (Downie and Gullan, 2005; Kissling et al., 2009). 
 
Figure 2.2 Host and parasite lineages containing the four evolutionary events that can influence 
co-diversification patterns: Co-speciation (●) where the host and parasite speciate in 
parallel, duplication (■) where the host and parasite speciate independently, host 
switching (►) where the parasite colonises a different host, and sorting (○) where the 
parasite disappears from its host. This figure was taken directly from Page (1996).   
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Low specificity in mycobionts, the ability to partner with a range of different photobionts, is perhaps 
a survival strategy (Ruprecht et al., 2012) that may also increase the potential ecological range for that 
lichen (Blaha et al., 2006). It has been observed that some mycobionts of low specificity, but high 
selectivity, may initially form a lichen thallus with one of the compatible photobionts, which is later 
replaced with another preferred photobiont. This process is commonly called “switching” (Yahr et al., 
2004). Photobiont switching has been observed in both green-algal lichens and cyanolichens (Piercey-
Normore and DePriest, 2001; Rikkinen, 2013; Wornik and Grube, 2010). 
Patterns of association and codiversification have not been studied in the genus Usnea, either at 
generic level or at the species level. Although it is known that Usnea mycobionts are generally specific 
towards their photobionts at the generic level because all photobionts associated with Usnea spp. are 
from the genus Trebouxia (Tarhanen et al., 1997), but it should be remembered that Trebouxia is 
thought to be the photobiont in almost 75% of all lichen species (Stephenson, 2010). 
2.7 Lichen in vitro culture 
Generally in vitro culture can be defined as the science of growing cells, tissue, and organs from the 
mother source, which can be any type of bio-organisms, on artificial growth media in sterile condition. 
For lichens, it can be growing either a whole lichen (Behera et al., 2006) or the symbionts as a separate 
organisms, namely, lichen-forming fungi (Sangvichien et al., 2011), green algae (Gasulla et al., 2010), 
and cyanobacteria (Liba et al., 2006). Specific growth media and growth conditions were established 
and optimised for each symbiont in vitro culture. Various growth media such as Malt-Yeast Extract, 
Lilly-Barnett, Murashige and Skoog, Bold’s basal, Water-Agar, and Bischoff and Bold’s, Oatmeal, 
Trebouxia Organic Nutrient, Bristol’s, and BG-11 (Ahmadjian, 1973; Gasulla et al., 2010; McDonald et 
al., 2013; Miao et al., 1997; Yamamoto et al., 1993) have been introduced and applied for the in vitro 
culture of lichen thalli, mycobionts and photobionts. Cultures are mostly incubated at a range of 
temperature between 15 to 20 °C in a photoperiod of 8 hours light/16 hours dark (Yoshimura et al., 
2002). 
2.7.1 Status of lichen in vitro culture 
Efforts to culture lichens began in the 1880s by researchers such as Bonnier and Stahl (Stocker-
Wörgötter, 2001) and are still continuing. Despite this, the in vitro culture protocols have been 
established only for a few of the lichen-forming fungal species and the culture conditions for most of 
the mycobiont species are unknown (McDonald et al., 2013). There are not many publicly available 
cultures of lichen symbionts in culture banks. McDonald et al. (2013) believe that the tedious isolation 
procedure, especially for the slow growing mycobionts, as well as the presence of numerous 
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endolichenic microorganisms, which disturb the establishment of pure cultures, and the difficult 
process of maintaining a pure culture are the main reasons for the small number of cultured lichen 
symbionts.        
2.7.2 Applications of in vitro culture in lichenology 
Lichen in vitro culture techniques have been established and improved for many years by researchers 
for a variety of reasons, which are described below.  
2.7.2.1 Assisting biological study of the fungal and algal partners separately 
The symbiotic forms of the mycobiont and photobiont in a lichen thallus allows the biologist to study 
them as symbionts. However, the biological characters of these symbionts may be very different from 
their free-living forms (Friedl and Budel, 2008). The free-living form of most lichen symbionts is not 
observed in nature because they are ecologically obligate (Honegger, 2009). In vitro culture can be 
used as a tool to isolate the symbionts and produce axenic cultures of photobionts and mycobionts, 
which can then be used to study them in their free-living forms. 
In terms of lichen taxonomic studies and the identification of species, producing free-living cells can 
be very helpful, especially for the positive identification of photobionts (Friedl and Budel, 2008). 
Occurrence of multiple photobionts within one thallus of a lichen species has been reported several 
times (Fontaine et al., 2012; Guzow-Krzeminska, 2006; Ihda et al., 1993; Miura and Yokota, 2006) and 
can be studied using the culturing of photobionts (Grube and Muggia, 2010).  
In addition to identification studies based on morphological characters of the free-living symbionts, 
pure mycobiont and photobiont extracts such as DNA, RNA, and protein can be obtained from the 
axenic in vitro cultures. In many cases preparing these pure extracts from lichen thalli is impossible. 
Many different molecular studies can be performed using these pure extracts, including establishment 
of molecular markers for the symbionts using pure DNA. For example, Honegger et al. (2004) studied 
genetic diversity in Xanthoria parietina using RAPD-PCR after extracting DNA from axenic cultures of 
the mycobiont.  
2.7.2.2 Studying lichenisation and patterns of association 
The mechanisms involved in contact between mycobionts and photobionts and subsequent 
lichenisation are not yet well understood (Yahr et al., 2006). One tool for improving our understanding 
of a symbiotic association is to study the associated partners separately. Therefore, Joneson and 
Lutzoni (2009) believe that the axenic culture of lichen symbionts is an ideal way to study interactions 
between lichen partners. However, the obligate relationship of symbionts in the lichen makes the 
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process of separating photobiont and mycobiont very difficult. Studying symbiotic associations using 
in vitro culture is not only limited to lichens. For example, knowledge about vascular plant-mycorrhizal 
fungi symbioses has been greatly improved by studying the mycorrhizal cultures prepared using in 
vitro culture techniques (Declerck et al., 2005; Pham et al., 2008).  
Results of gene expression studies at the different stages of symbiotic association can answer many 
fundamental questions about the molecular mechanisms involved in symbiosis formation. The 
signalling pathway, which is actually the initial stage of symbiosis, whereby symbionts recognise each 
other can be studied by comparing the gene expression in free-living symbionts with symbionts in the 
initial contact stage (Joneson et al., 2011). Preparing axenic cultures of mycobionts and photobionts 
and relichenising them through in vitro culture, provide all essential materials to study the 
lichenisation better.  Joneson et al. (2011) identified fungal and algal genes related to lichenisation in 
the Cladonia grayi lichen-forming fungus and in its associated green alga Asterochloris sp. by 
performing gene expression studies using axenic cultures and in vitro reformed lichen thalli. Their 
study also showed the presence of extracellular communication between lichen symbionts without a 
need for cellular contact.  
Specificity and selectivity of partners towards each other play an essential role in association between 
mycobionts and photobionts. These two important patterns of association define the range of 
partners that can be chosen by one biont and the level of preference between symbionts, respectively. 
The most common method to study the specificity and selectivity in lichens is the analysis of 
phylogenetic data (2.6). However, in vitro culture techniques provide another method for testing 
these patterns of association. Different mycobionts can be introduced to different photobionts in vitro 
to test the level of specificity by measuring the lichenisation. Ahmadjian (1993b) developed this 
method to measure the specificity in lichen symbionts many years ago and it is still one of the potential 
methods to test such association patterns. For example, Guzow-Krzeminska and Stocker-Worgotter 
(2013) isolated different species of Trebouxia photobionts from Protoparmeliopsis muralis using in 
vitro culture techniques and after culturing them, re-lichenisation was tested by re-introducing the 
photobionts with the mycobiont culture. In addition, they introduced Asterochloris green algae to the 
P. muralis mycobiont and showed that they were also able to interact with each other. 
2.7.2.3 Isolating the endolichenic microorganisms 
Although most of the earlier literature presents endophytes as the microbes that are just living within 
the tissue of their hosts and have no particular functions that affect their hosts, recent research has 
demonstrated some significant effects on the ecology and evolution of their hosts (U’Ren et al., 2012). 
Lichens are mostly considered as only a symbiosis between mycobiont and photobiot(s); however, 
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they in fact contain several other endolichenic microorganisms (Li et al., 2007; Suryanarayanan et al., 
2005) which may play various roles in the lichenisation process (Grube and Berg, 2009). Although 
previous studies on lichen-inhabiting microbes have shown that lichen contain different types of fungi 
and bacteria, there is not much known about the composition and diversity of these endolichenic 
microbial communities in different species of lichens (Cardinale et al., 2006). 
The hypothesis of the effect of endolichenic microorganisms on lichenisation is based on the reports 
that have shown endophytic microorganisms play roles in association in some other types of 
symbioses. For example, in arbuscular mycorrhizal fungi-plant symbioses, endophytes, especially 
bacterial endophytes, have a special role. Bonfante and Anca (2009) believe that the association of 
mycorrhizal fungi with plants can be defined as a tripartite association because bacteria are an 
essential member of this symbiosis. Sundram et al. (2011) showed how the endophytic bacteria 
Pseudomonas aeruginosa and Burkholderia capacia have an effect on arbuscular mycorrhizal fungi by 
promoting their spore germination and hyphal length. Therefore, investigating these endolichenic 
microorganisms is not only important in terms of lichen biodiversity but it can increase knowledge 
about the lichenisation process.  
In addition to the potential role of endolichenic microorganisms in lichenisation, they have become 
important pharmaceutical targets these days. Several novel bioactive compounds have been 
discovered from some endolichenic microorganisms. For example Li et al. (2012) identified six novel 
phototoxins with anticancer activity produced by the endolichenic fungus Phaeosphaeria sp. and 
Wang et al. (2012b) introduced two new heptaketides with antiviral activity from the endolichenic 
fungus Nigrospora sphaerica. 
In vitro lichen culture can help in the discovery of the hidden endolichenic microorganisms within a 
thallus. The number of publications that have used this method to isolate and identify the endolichenic 
organisms shows that it is the most common method for exploring the endolichenic world. However, 
only the culturable microorganisms are able to be isolated using this method.   
2.7.2.4 Production of important secondary metabolites 
In pharmaceutical context, lichens have been identified as a valuable source of bioactive compounds 
with different properties such as antioxidant, antimicrobial, anticancer, and anti-inflammatory 
potentials (Behera et al., 2006; Blaha et al., 2006; de Barros Alves et al., 2013; Ranković et al., 2011; 
Tanas et al., 2010). The volume of bio-pharmaceuticals produced by an organism is not usually 
commercially suitable and in vitro cell and tissue culture has been used for many years as a system to 
enhance the yield of these bio-compounds (Fischer et al., 2004; Xu et al., 2011). Some species of 
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lichens were cultured using in vitro culture techniques for the large-scale production of 
pharmaceutical compounds. For example, Behera et al. (2012) cultured the whole lichen Usnea 
complanata in fermenters to extract two valuable pharmaceuticals, namely usnic and psoromic acids, 
which showed antioxidant and cardiovascular-protective activities. In vitro culture techniques were 
also used to enhance the production of antioxidants in Ramalina nervulosa and R. pacifica (Verma et 
al., 2012). 
2.8 Microsatellites 
Microsatellites (commonly known as short tandem repeats (STRs) or simple sequence repeats (SSRs)) 
are DNA fragments containing repeated units of mostly two to six base pairs (Bidichandani et al., 
1998). Microsatellites are often located within the non-coding regions of DNA and they have a high 
mutation rate (Ellegren, 2004), which makes them extremely polymorphic (Guichoux et al., 2011). 
Hence, these markers are ideal for the identification and detection of individuals in population genetic 
research (Monsen-Collar and Dolcemascolo, 2010). 
2.8.1 Application of microsatellite markers 
Several interesting questions for biologists can be addressed using markers. Microsatellites are one of 
the most sensitive markers that are able to identify individuals in a population. Therefore, ecologists 
usually use them to address important questions about phenomena such as migration rates, dispersal 
distances, and spatial population structure (Selkoe and Toonen, 2006). Recently, microsatellite 
markers have begun to be established for answering important questions about the population 
ecology of lichens. Some of the most important questions that microsatellite markers can address are 
regarding intra- and inter-thallus population structure in different species of lichens. For example, no 
evidence of intra-thallus variation was found in Lobaria pulmonaria using microsatellites by Walser et 
al. (2003), but very high genetic variation was observed among individual lichen specimens of this 
species. In another example, after establishing microsatellite markers for both mycobiont and 
photobiont of Parmotrema tinctorum, Mansournia et al. (2012) showed that intra-thallus variation of 
symbionts was different among the examined thalli and they suggested that one thallus of P. tinctorum 
could have a single mycobiont cell origin or could be a fusion of several mycobionts.    
2.8.2 Sources of DNA for developing microsatellite markers 
In lichen microsatellite studies, if the mycobiont and photobiont are used separately for the extraction 
of DNA, then specific markers for each symbiont can be developed. These separated symbionts can 
be obtained from axenic in vitro cultures. For example, axenic cultures of Dictyochloropsis reticulate 
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and Lobaria pulmonaria were used for extracting pure photobiont and mycobiont DNA (Widmer et al., 
2010). However, some researchers prefer to separate the fungal partner manually from the lichen 
thallus because of difficulties encountered developing in vitro symbiont cultures, particularly for the 
mycobiont (Jones, 2013). For example, Jones (2013) and Mansournia et al. (2012) both manually 
separated the mycobiont partner from the lichen thallus when extracting pure fungal DNA.  
2.8.3 Methods for establishing microsatellite markers in lichens 
Detecting microsatellite regions in the genome of one organism requires DNA data obtained from that 
particular organism, which can be obtained by shotgun sequencing of genomic DNA (Shi et al., 2014). 
Application of next generation sequencing (NGS) for facilitating the process of detection of 
microsatellite loci by extending the genome coverage and providing the information in a much shorter 
time compared to traditional ways of establishing microsatellite markers has been clearly discussed in 
the literature (Guichoux et al., 2011). Both traditional, involve enrichment for repetitive sequences 
and cloning, and reduced representation sequencing techniques have been used for the establishment 
of microsatellites in lichens. Although NGS speeds up the process of microsatellite detection (Guichoux 
et al., 2011), some researchers prefer to construct the microsatellite library in lichens by digesting 
genomic DNA of symbionts using restriction enzymes, ligation to an adapter, PCR amplification, and 
sequencing of the amplified regions (e.g. Jones (2013)). The establishment of microsatellite markers 
for lichens began in 2003 and has been continued since, but there are only a few reports of 
microsatellite markers for lichens and none from the genus Usnea or its photobionts. Prior studies are 
on the mycobiont of Lobaria pulmonaria and its associated photobiont, Dictyochloropsis reticulata  
(Dal Grande et al., 2010; Walser et al., 2003; Widmer et al., 2010), the mycobiont of Peltigera 
dolichorhiza (Magain et al., 2010), the mycobiont of Parmotrema tinctorum and its associated 
photobiont, Trebouxia corticola (Mansournia et al., 2012), the mycobiont of Buellia frigida (Jones, 
2013; Jones et al., 2012), and the photobiont T. decolorans, which is associated with two mycobionts 
Xanthoria parietina and Anaptychia ciliaris (Dal Grande et al., 2013). From these studies, only Magain 
et al. (2010) and Dal Grande et al. (2013) produced the sequence data through genome sequencing.   
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Chapter 3 
DNA Extraction from Usnea spp. Lichens  
 
 
 
3.1  Introduction 
DNA molecules are obviously the essential component of the DNA-based molecular analysis of any 
organism. A variety of methods for DNA extraction from lichens has been reported by different 
authors. However, DNA extraction from several lichen species can be problematic (Armaleo and Clerc, 
1995; Cubero et al., 1999). The main reasons for DNA extraction difficulties is the presence of high 
amounts of polyphenolic compounds, polysaccharides, and proteins (Cubero et al., 1999). Different 
methods of DNA extraction have been used and some researchers have optimised some non-
commercial methods of DNA extraction specifically for lichens. For example, Armaleo and Clerc (1995) 
or Cubero et al. (1999) optimised DNA isolation and purification for lichens and lichen-forming fungi. 
However, recently published reports showed that majority of lichen studies use commercially 
available DNA extraction kits, such as DNeasy® Plant Mini Kit (Singh et al., 2012) or REDEXTRACT-N-
AmpTM Plant PCR Kit (Nelsen et al., 2009). 
The low accuracy and resolution of the morphological and chemical methods used for taxonomic 
classification  (Clerc, 1998) of the genus Usnea means that molecular analysis is essential to address 
important biological and ecological questions about New Zealand Usnea. To do this total genomic DNA 
must be extracted from a large number of samples encompassing multiple species and, therefore, a 
successful and efficient method of DNA extraction needs to be chosen to isolate high quality and 
adequate quantity of DNA from Usnea specimens. There have been few molecular studies on the 
genus Usnea until now and no study has tested different DNA isolation methods for Usnea specimens. 
Hence, a study to find the best method of DNA extraction from Usnea specimens was designed to test 
several commercially available DNA extraction kits as well as the non-commercial CTAB method that 
was published for DNA extraction from lichens as the first step prior to producing molecular data from 
the samples. The objectives of this study were to compare the DNA quality and quantity extracted 
using eight different methods of DNA isolation and to select the best one for use in downstream 
applications in this research project.  
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3.2  Materials and Methods 
3.2.1  Lichen samples 
The Usnea specimens used in this experiment were selected haphazardly from freshly collected 
specimens (less than three months old) out of the Usnea lichens collected for this project (described 
in Section 4.2.1). Three lichen specimens were used for each DNA extraction method. The consistency 
of sample preparation was controlled by using approximately the same amount of lichen sample for 
each DNA extraction. Because measuring the exact size of each sample was difficult, the thallus 
sections were kept within 1 to 2 cm long by shortening the branch/sub-branches when required. 
3.2.2  Surface sterilisation 
To eliminate the number of microorganisms growing on lichen thalli and therefore reduce the risk of 
contamination, a surface sterilisation protocol was used. Thallus sections, 1-2 cm long, were rinsed 
using running tap water for 10 seconds. Each thallus was sterilised by immersion in 70% ethanol for 
10 seconds followed by rinsing in water, then immersion in 1% sodium hypochlorite solution (20%, v/v 
commercial bleach) for 10 seconds followed by rinsing three times with water, and lastly the surface 
sterilised thalli were air dried by placing under laminar air flow for 20 minutes.  
3.2.3 Total genomic DNA extraction  
To determine which method was best for the extraction of DNA from several Usnea specimens in this 
study, different methods of DNA extraction was tested. The methods were generally classified into 
two groups of (1) commercially available DNA extraction kits and (2) an optimised CTAB published 
protocol for DNA extraction from lichens.  
3.2.3.1 Commercially available DNA extraction kits 
Seven DNA isolation kits namely, REDEXTRACT-N-AmpTM Plant PCR Kit (Sigma-Aldrich, USA), DNeasy® 
Plant Mini Kit (QIAGEN, Valencia, CA, USA), Dneasy® Blood & Tissue Kit (QIAGEN, Hilden, Germany), 
Isolate Plant DNA Mini Kit (Bioline, London, UK), PowerSoil® DNA Isolation Kit (MoBio Laboratories, 
Carlsbad, CA), GF-1 Plant DNA Extraction Kit (Vivantis, Selangor, Malaysia), and PUREGENE® kit (Cell 
Lysis Solution (Lot No. 8335812) + Protein Precipitation Solution (Lot No. 8335997) from QIAGEN, 
Maryland, USA) were evaluated. DNA from three samples (collected less than a three months before 
this study done) was extracted using each one of these kits.   
The REDEXTRACT-N-AmpTM Plant PCR Kit is a fast kit that allows DNA extraction within about 20 
minutes.  Briefly, 100 µl of the extraction solution was added into the surface sterilised lichen sample 
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and incubated at 95°C for 15 minutes after which 100 µl of dilution solution was added and the tube 
vortexed for 10 seconds.  
The Dneasy® Plant Mini Kit is the most commonly used DNA extraction kit for lichen based on the 
literature (e.g. Mansournia et al. (2012), Singh et al. (2012), and Sohrabi et al. (2013)). This kit was 
used according to the manufacturer’s protocol with a slight modification. Briefly, the surface sterilised 
lichen samples were ground to fine powder in liquid nitrogen using sterilised mortars and pestles. 
Samples were incubated for 120 minutes at 65°C after adding 400 µl of the lysis buffer (AP1) and RNase 
A (4 µl) at concentration of 20 mg/ml. Proteins and polysaccharides were precipitated at the next step 
by adding 130 µl of the precipitation buffer. After this a few steps for reducing the amount of 
contamination (RNA, proteins, and polysaccharides) were undertaken; DNA molecules were bound to 
the membrane of the spin column (Dneasy Mini spin column) by centrifuging the samples. The 
membrane was washed twice of other compounds using the wash buffer (Buffer AW). Lastly the DNA 
was eluted using 50µl of the elution buffer (Buffer AE), which is 10 mM Tris.Cl and 5 mM EDTA, at pH 
9.0.  
The Dneasy® Blood & Tissue Kit is recommended as a suitable kit for samples containing a high amount 
of protein and has been designed to remove a higher amount of protein than the Dneasy® Plant Mini 
Kit.  This kit has also been used several times for extracting total genomic DNA from lichens (Sohrabi 
et al., 2011; Wang et al., 2012a). The manufacture’s protocol was very similar to the Dneasy® Plant 
Mini Kit; however, 20 µl of proteinase K solution (600 mAU/ml) was also added to the samples at the 
lysis stage of extraction.  
The Isolate Plant DNA Mini Kit, which has never been used for extraction of DNA from lichens, was 
tested in this study. Briefly, the samples were frozen using liquid nitrogen and each sample was ground 
to fine powder using a mortar and pestle. Samples were lysed by incubating at 65°C for 120 minutes 
after adding 400 µl of the Lysis Buffer and RNase A (3 µl) solution (20 mg/ml). The Precipitation Buffer 
(100 µl) was added into the lysed samples and the proteins were precipitated after incubating the 
samples on ice for 5 minutes followed by centrifuging. The samples were filtered to remove unwanted 
particulate material using the first spin column (PD1) and the Binding Buffer was added to the filtrates. 
The DNA in the binding buffer was bound to the membrane in the second spin column (PD2). The 
membrane and DNA molecules were rinsed twice using the Wash Buffer (700 µl) containing 96% 
ethanol. The DNA was eluted from the membrane after 1 minute incubation at room temperature 
using 50 µl of provided elution buffer.  
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The PowerSoil® DNA Isolation Kit is used to extract DNA from soil with a very high level of purity.  It is 
optimised to extract microbial DNA from all types of soil as well as DNA of the other environmental 
samples and it has been used for lichens (Bates et al., 2011). One of the main differences between this 
kit and the other kits used in this study is that it contains special bead tubes for the preparation of the 
samples. DNA was extracted from the samples according to the manufacturer’s instructions. Briefly, 
the surface sterilised lichen samples were added to the PowerSoil® Bead Tubes and they were 
vortexed after adding 60 µl of the cell lysis buffer (C1). After cell lysis step, 250 µl of the patented 
inhibitor removal buffer (C2) was added to the mixture followed by incubating at 4°C for 5 minutes. 
The secondary patented inhibitor removal solution (C3) of this kit was also added for precipitating 
additional non-DNA materials. Finally, the DNA molecules were bound to the silica membrane in the 
Spin Filter and were eluted using 50 µl of the elution buffer (C6) which is a low salt solution (10 mM 
Tris) after the washing step using the ethanol wash solution (C5).  
The GF-1 Plant DNA Extraction Kit was tested for isolating DNA from the lichen samples using the 
procedure provided by the manufacturer. Briefly, homogenisation was carried out by grinding the 
surface sterilised samples in liquid nitrogen into fine powder. The lysis process was carried out by 
incubating the samples at 65°C for 120 minutes after adding 280 µl of the lysis buffer (PL) and 20 µl of 
proteinase K. RNase A at a concentration of 20 mg/ml (20 µl) was added after the lysis step and the 
mixture was incubated at 37°C for 5 minutes. A secondary homogenisation step was carried out by 
incubating the sample at 65°C for 10 minutes after adding 2 volumes of the Buffer PB. DNA molecules 
were precipitated by adding 200 µl of absolute ethanol to the mixture and then they were bound to 
the glass filter membrane of the spin column. The DNA was eluted from this membrane using the 
elution buffer (50 µl) after the washing step. 
The PUREGENE® system has been used previously for extraction of genomic DNA from lichens (O'Brien 
et al., 2005).  A modified protocol from the Genomic DNA Isolation Kit (PUREGENE, Minneapolis, MN, 
USA) was used for extracting DNA from the lichen samples in this study. Briefly, after the surface 
sterilised lichen samples were ground into a powder in liquid nitrogen using chilled mortars and 
pestles, the Cell Lysis Solution (400 µl) was added to the fine powder of each surface-sterilised sample 
and the mixture was incubated at 6 °C for 120 minutes. RNA treatment step was carried out by adding 
RNase A (1.5 µl) at a concentration of 20 mg/ml to the mixture and incubation at 37°C for 15 minutes. 
The Protein Precipitation Solution (170 µl) was added to the cell lysates and was then incubated on 
ice for 5 minutes. The protein precipitation step was completed by centrifuging the tubes and 
separating the supernatant containing the DNA. DNA was precipitated by adding 500 µl of 100% 
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isopropanol. The DNA pellet was washed using 300 µl of 70% ethanol and the pellet was rehydrated 
by adding 50 µl of DNA-free water.   
 
3.2.3.2 Optimised CTAB manual protocol for DNA extraction from lichens 
A CTAB DNA extraction method for lichens, optimised by Cubero et al. (1999), was used to isolate DNA 
from the samples in this study. Briefly, the surface sterilised lichen samples were ground into a powder 
in liquid nitrogen using chilled mortars and pestles. Then, 500 µl of the extraction buffer (1% w/v CTAB; 
1 M NaCl; 100 mM Tris; 20 mM EDTA; 1% w/v polyvinyl polypyrolidone) was added to the lichen 
powder and incubated at 70°C for 30 minutes after mixing them by inverting the tube. After this lysis 
step, one volume of chloroform: isoamyl alcohol (24:1 v/v) was added and mixed with the solution. 
The solution was then centrifuged at 10,000 × g for 5 minutes. The upper aqueous phase from the 
supernatant was added to two volumes of precipitation buffer (1% w/v CTAB; 50 mM Tris-HCl; 10 mM 
EDTA; 40 mM NaCl). The mixture was centrifuged (13,000 × g for 15 minutes) and the pellet was re-
suspended in 350 µl of NaCl (1.2 M) and one volume of chloroform: isomyl alcohol was added to 
precipitate the DNA. DNA was collected by centrifuging at 10,000 × g for 5 minutes. The upper aqueous 
phase was removed after centrifugation to a clean tube and isopropanol (0.6 volume) was added and 
incubated at -20°C for 15 minutes. Centrifugation at 13,000 × g for 20 minutes pelleted the DNA. The 
DNA pellet was treated with 2µl of RNase A at concentration of 20 mg/ml incubated at 37°C for 30 
minutes. A final wash was carried out by adding 1000 µl of chilled 70% ethanol and the pellet was 
collected by centrifuging at 13,000 × g for 3 minutes. The ethanol was evaporated at 50°C (5-10 
minutes) and pellet was re-suspended in 50 µl of DNA-free water.     
3.2.4 DNA concentration and quality measurement 
Except for the extracts from the REDEXTRACT-N-AmpTM Plant PCR Kit, which are not purified genomic 
DNA, the concentration and quality of other extracted DNA samples were measured using 
spectrophotometry (NanoDrop Technologies Inc., Delaware, USA). The final DNA extracted using each 
different method in this study was dissolved in 50 µl of water/elution buffer and therefore the 
methods were comparable.  
3.2.5 Polymerase chain reaction (PCR)  
Except the REDEXTRACT-N-AmpTM Plant PCR Kit, which has its own polymerase chain reaction (PCR) 
master mix, the PCR amplifications of other extracted DNA were conducted using the GoTaq® Green 
Master Mix (Promega, Madison, WI, USA). For the DNA extracted using REDEXTRACT-N-AmpTM Plant 
PCR Kit, a PCR assay was carried out using fungal and algal specific primers (Table 3.1) added into the 
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REDEXTRACT-N-AmpTM Plant PCR master mix following the manufacturer’s protocol. Each PCR 
reaction (20 µl) contained 10 µl of REDEXTRACT-N-Amp PCR ReadyMix, 4 µl of extracted DNA, 1 µl 
each of the forward and reverse primers (5 µM), and 4 µl of DNA-free water. The thermal cycle was as 
follows: initial denaturation at 94°C for 2 minutes, then 35 cycles of denaturation at 94°C for 30 
seconds, annealing at 54°C for 45 seconds, extension at 72°C for 2 minutes, then a final extension at 
72°C for 7 minutes. The thermal cycle for algal rDNA amplification was the same as the fungal one 
except the annealing time which was at 50°C.  
For the DNA extracted using other kits, PCR amplification was performed in a 25µl reaction volume 
using GoTaq® Green Master Mix (Promega, Madison, WI, USA). It contained 12.5 µl GoTaq® Green 
Master Mix, 1 µl of a 5 µM solution of each of the algal and the fungal specific forward and reverse 
primers (Table 3.1), 1 µl of 10 mg/ml purified bovine serum albumin (BSA) 100X (New England BioLabs, 
Ipswich, MA, USA), to reduce the impact of PCR inhibitors, 8.5 µl sterile ultrapure water, and 1 µl of 
the extracted DNA (25 µg/µl).  
Table 3.1 Fungal and algal ITS rRNA gene specific forward and reverse primers used in this study. 
ID Sequence (5ˊ-3ˊ) Target Reference 
nr-SSU-1780-5’ Fungal CTGCGGAAGGATCATTAATGAG Fungus (Piercey-Normore 
and DePriest, 2001) 
 
nr-SSU-1780-5’ Algal CTGCGGAAGGATCATTGATTC Alga (Piercey-Normore 
and DePriest, 2001) 
 
ITS4 TCCTCCGCTTATTGATATGC Alga & 
Fungus 
(White et al., 1990) 
 
 
3.2.6 Electrophoresis, DNA Sequencing and sequence-similarity BLAST (Basic Local 
Alignment Search Tool) search  
 
To visualize if PCR amplifications were successful, the PCR products were separated by electrophoresis 
on a 1% agarose gel at 10 V/cm for 45 minutes in 1X TAE (40 mM tris-acetate/1 mM EDTA, pH 8). 
Amplimers were directly sequenced at the Lincoln University Sequencing Facility using primers in an 
ABI 3100 Genetic Analyser (Applied Biosystems, USA). The ITS rDNA sequences produced in this study 
were manually trimmed and compared with the available database in GenBank 
(NCBI; http://www.ncbi.nlm.nih.gov/) using the BLAST searching tool. 
3.3 Results 
Table 3.2 shows the results obtained from testing eight different methods of DNA extraction and the 
number of successful PCR amplifications (number of ITS rDNA bands on the agarose electrophoresis 
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gel). The result of sequencing and BLAST searches confirmed that all amplified fungal ITS rDNA 
belonged to the genus Usnea and all amplified algal ITS rDNA belonged to the genus Trebouxia.  
The highest DNA yield was obtained using PUREGENE® followed by the Isolate Plant DNA Mini Kit. The 
purest DNA was produced using the Isolate Plant DNA Mini Kit followed by the Dneasy® Plant Mini Kit 
and the GF-1 Plant DNA Extraction Kit. The lowest DNA concentration was obtained using the CTAB 
method while the lowest DNA quality was produced by the Dneasy® Blood & Tissue Kit. Trebouxia and 
Usnea ITS rDNA were amplified in all three replications using DNA extracted by only four methods, 
namely, Dneasy® Plant Mini Kit, Isolate Plant DNA Mini Kit, GF-1 Plant DNA Extraction Kit, and 
PUREGENE®. The most PCR failures were observed when DNA was extracted using the CTAB method. 
Table 3.2 Concentration and quality of DNA extracted from Usnea lichens using different 
methods of DNA isolation as well as the result of algal and fungal ITS rDNA amplified 
from the extracted DNA. 
 
Method 
Total DNA (mean) PCR product 
Concentration 
(ng/µl) 
Quality 
(A260/280) 
Algal bands 
(out of three) 
Fungal bands 
(out of three) 
Isolate Plant DNA 90.60 1.83 3 3 
PUREGENE 265.6 2.19 3 3 
GF-1 42.6 1.91 3 3 
Dneasy Plant 35.8 1.91 3 3 
REDEXTRACT NA NA 2 3 
PowerSoil 6.65 1.97 2 2 
Dneasy Blood 24.2 1.01 2 2 
CTAB 8 1.43 1 2 
REDEXTRACT: REDEXTRACT-N-AmpTM Plant PCR Kit; Dneasy Plant: Dneasy® Plant Mini Kit; Dneasy 
Blood: Dneasy® Blood & Tissue Kit; Isolate Plant DNA: Isolate Plant DNA Mini Kit; PowerSoil: 
PowerSoil® DNA Isolation Kit, GF-1: GF-1 Plant DNA Extraction Kit; PUREGENE: PUREGENE® Kit; CTAB: 
CTAB DNA extraction method for lichens; A260/280: The ratio of absorptions at 260 nm vs 280 nm; 
NA: Not applicable.  
 
3.4 Discussion 
This study compared seven commonly used commercially available DNA extraction methods and one 
non-commercial CTAB DNA extraction method for DNA extraction from lichens. Based on the results, 
the best method was selected for carrying out the molecular-based studies in the genus Usnea 
presented in this thesis. The presence of a high amount of phenolic compounds, polysaccharides and 
proteins is thought to be the main reason for problematic DNA extraction from lichens (Cubero et al., 
1999) and this study demonstrates that only half of the examined methods of DNA extraction were 
able to overcome this problem in the DNA extraction of Usnea specimens.  
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DNA extraction methods that yield high concentrations are advantageous because a sufficient amount 
of DNA can be stored for downstream applications. The PUREGENE® kit from QIAGEN isolated the 
highest amount of DNA from the lichen samples, which was approximately 3 times more than the 
second highest. This DNA extraction technique is not a spin column-based method. The results clearly 
showed that DNA yield was much lower by using column-based methods in this study and this is 
consistent with previous studies, which show that DNA yield is usually reduced by spinning the DNA 
molecules through the columns (Rohland et al., 2010). The reason behind it seems to be the poor DNA 
binding process in column-based methods because all binding processes usually take less than one 
minute, thus some of the unbound DNA molecules can be easily washed away (Rohland and Hofreiter, 
2007). Among the spin column-based methods, the Isolate Plant DNA Mini Kit from BioLine extracted 
the highest amount of DNA. Understanding the reason for this difference with the column-based kits 
used in this study is not an easy task because the exact compounds and their dosage ratios are not 
usually published by their manufacturers.  
 The importance of DNA quality and purity for PCR amplification has previously been reported (Cubero 
et al., 1999). The ratio of absorptions at 260 nm vs 280 nm between 1.8 to 2.0 is considered to be 
acceptable DNA quality with minimal protein and RNA contamination (Moore et al., 2004); however, 
values closer to 1.8 indicate higher purity (Santella, 2006; Yang et al., 2008). Protein and RNA 
contamination reduces and increases this ratio, respectively. The amount of protein present in 
extracted DNA was considered as it has been mentioned as one of the problems in extracting high 
quality DNA from lichens (Cubero et al., 1999). Although the presence of RNA in the total genomic 
DNA extracted from lichen cannot prevent the amplification of ITS rDNA regions, the absence of RNA 
in the DNA sample (RNA-free DNA sample) is necessary for some molecular biology assays and 
analytical analyses  (Valledor et al., 2009). Therefore, amount of both protein and RNA in the extracted 
DNA samples was considered (A260/280 = 1.8-2.0) to select the best DNA purification method in this 
study. Most (80%) of the spin column-based methods examined produced good quality DNA 
(A260/280 = 1.8-2.0), including the Dneasy® Plant Mini Kit, the Isolate Plant DNA Mini Kit, the 
PowerSoil® DNA Isolation Kit, and the GF-1 Plant DNA Extraction Kit. Therefore, based on the results 
in the present study, it seems that using a spin column increases the DNA purity and reduces the 
concentration of DNA. 
Although spectrophotometry using a nanodrop system is one of the most commonly used and reliable 
methods of evaluating both the quantity and quality of DNA samples (Ahn et al., 1996; Haque et al., 
2003), the suitability of extracted DNA in this study for downstream applications was tested by 
amplifying DNA regions from both the mycobiont and photobiont. These tests revealed that high 
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quality samples (A260/280 = 1.8-2.0) produced both algal and fungal ITS rDNA in all three replicates, 
except one DNA sample extracted using the PowerSoil® DNA Isolation Kit. It shows the reliability of 
testing the concentration and quality of DNA samples using nanodrop. Although only half of the 
methods (4 out of 8) were able to successfully produce enough high quality DNA for producing both 
algal and fungal ITS rDNA in all three replicates (50% success), this level of performance is not unusual 
compared to the usual level of difficulty encountered in the extraction of genomic DNA in the kingdom 
Fungi (Al-Samarrai and Schmid, 2000).  
The main aim of this study was to select the best method for extracting DNA from Usnea from a group 
of eight methods. Therefore, based on the results of PCR amplifications, one method was selected 
from among the Dneasy® Plant Mini Kit, the PUREGENE® Kit, the Isolate Plant DNA Mini Kit, and the 
GF-1 Plant DNA Extraction Kit. Among these four methods, the PUREGENE® kit, which obtained the 
highest DNA yield, would be the best one if the DNA quality extracted using this kit (A260/280 = 2.19) 
was better (A260/280 = 1.8-2). However, the highest DNA quality was obtained with the Isolate Plant 
DNA Mini Kit. The concentration of DNA isolated using the Isolate Plant DNA Mini Kit (90.60 ng/µl) was 
the second highest after the PUREGENE ® kit. The result of measuring DNA quality also showed that 
this DNA had the highest quality (A260/280 = 1.83) compared to the others.  Therefore, because the 
Isolate Plant DNA Mini Kit isolated a reasonably high amount of high quality DNA and all PCR 
amplifications for both the algal and fungal reactions were successful, this DNA solution was selected 
for further use in this research. To my knowledge this kit has not been used for extracting DNA from 
lichens before and this is the first study to compare it with other methods of DNA extraction from 
lichens. The few studies that have used this kit for DNA extraction from plants (e.g. Currò et al. (2010) 
and Lepais and Bacles (2011)) did not provide any information about the exact DNA yield and quality 
of extracted DNA samples, but the successful downstream applications in those studies can confirm 
the efficiency of this method of DNA extraction.  
Apart from the concentration and quality of isolated DNA from a sample, there are some other factors 
that should be considered when selecting a DNA extraction method such as ease of use, bench time 
per sample, and cost (Rohland et al., 2010). The results of this study showed that many of the common 
methods of DNA extraction were not even able to isolate suitable DNA from Usnea lichens for 
downstream applications, therefore these sorts of parameters (e.g. bench time and ease of use) were 
not considered. The cost of DNA extraction per sample is usually lower in non-column-based methods 
because the DNA extraction columns are expensive (Siddappa et al., 2007). Among the three column-
based DNA extraction methods that successfully isolated suitable DNA for PCR amplifications in this 
study (Table 3.2), GF-1 Plant DNA Extraction Kit (Vivantis, Selangor, Malaysia) was the most 
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economical one. In terms of ease of use and bench time these three column-based kits were not 
significantly different but the DNA extraction process was much shorter by using PUREGENE®, which 
also proved to be a practical method for isolating DNA from Usnea specimens compared to those kits. 
3.5 Conclusion  
This is the first study carried out to test different DNA extraction methods for isolating DNA from 
Usnea lichen thalli. Eight methods of DNA extraction were compared for isolating total genomic DNA 
in this study by considering both quality and quantity of the extracted DNA samples. The results 
showed that the Isolate Plant DNA Mini Kit from BioLine is not only able to extract a high amount 
(90.60 ng/µl) of DNA from Usnea specimens, but the DNA extracted using this method had the highest 
quality (A260/280 = 1.83). Hence, this method was selected to be used for extracting DNA from all 
Usnea specimens in this project. However, it should be noted that this study was not designed for 
developing a method of DNA extraction and based on the literature it seems that DNA extraction from 
lichens for downstream applications still needs further investigation in some species, including Usnea 
spp. 
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Chapter 4 
Mycobionts in the Genus Usnea in New Zealand 
 
 
 
4.1 Introduction  
Although the genus of Usnea is one of the easiest lichen genera to recognise among the lichens by 
having a central axis that is easily separated from the rest of the thallus, the situation is completely 
different at the species level. Usnea has a well-known, bad taxonomic reputation among lichenologists 
and misidentification of most of Usnea specimens is a common issue in herbaria (Clerc, 1998). Due to 
this difficulty, many specimens can only be labelled Usnea sp. by lichenologists and consequently, 
many lichenologists do not spend time collecting specimens from this genus at all (Clerc, 1998). Even 
with the recent application of molecular biology techniques in addition to the use of morphological 
and chemical characters of the thallus, lichenologists have not been able to group the 700 to 800 
published Usnea taxon names (Clerc, 1998) into well-defined species yet. Clerc (2004) after many 
years of research on identification and taxonomy of the genus Usnea believes that there are numerous 
and unsatisfactorily known taxa all over the world. New Zealand Usnea species are similarly 
problematic. While not many lichenologists have been working on the taxonomy of this genus, 
Galloway (2007) believes that the 28 recorded species of Usnea in New Zealand are only a very initial 
treatment of the genus.  
Application of molecular biology approaches to improve taxonomic knowledge of different lichen 
genera has been reported in many recent studies. Among these studies, a few have been conducted 
to investigate the position of Usnea at the generic level using phylogenetic methods to generate a 
phylogenetic topology (Truong et al., 2013; Wirtz et al., 2006). Except for a few specimens from New 
Zealand, all of the samples used in these studies have been from other parts of the world. Our lack of 
knowledge of Usnea in New Zealand (Galloway, 2007), including their phylogenetic position forms the 
rationale for this PhD research. The main objectives of this chapter were (1) to generate fungal 
molecular data from Usnea specimens (both identified and unidentified) to gain better understanding 
of the present species of Usnea in New Zealand, (2) to construct a mycobiont phylogenetic tree using 
the generated molecular data and GenBank dataset to reveal some information about the 
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phylogenetic position of Usnea specimens in New Zealand, (3) to evaluate the use of the important 
phenotypic characters used in taxonomic studies of Usnea lichens by studying their distribution on the 
generated phylogenetic tree, and (4) to investigate phenotypic character evolution in the Usnea 
specimens considered. 
4.2 Materials and Methods 
4.2.1 Taxon Sampling 
4.2.1.1 Field specimens 
Usnea specimens were collected from almost 45 different sites in the North and South Islands, New 
Zealand between 2009 and 2013. The 462 samples included both fresh and dried samples. The main 
strategy for collection in this study was to collect as many morphologically different specimens as 
possible that were from as many different sites around New Zealand as possible to increase the 
genetic diversity in samples and to cover as many of the available species of Usnea in New Zealand as 
possible. At least three or four morphologically similar specimens were collected from the same sites 
wherever it was possible. A number of replicates of one species from one site made it possible for 
these samples to be used in further analysis at the within species level.   
4.2.1.2 Herbarium specimens 
Herbarium samples (52 specimens) were collected from Allan Herbarium, Lincoln, New Zealand in 
2011 under the MAF Transfer Permission (Appendix A.1). The amount of material for sampling from 
each specimen was limited. Therefore, less than 1 cm2 of each specimen was sampled. This amount 
of sample was sufficient for this study because they were previously identified by experts based on 
their morphological characters and only molecular analysis was required. All of the herbarium samples 
were identified by experts in New Zealand botany and lichenology, such as F.J. Walker and D.J. 
Galloway. Most of the herbarium samples (49 specimens) had been collected from different sites in 
New Zealand, but three specimens had been imported from overseas. Appendix A.2 shows the name 
of species, the location of collection, their herbarium number (CHR No.), and the name of the person 
who identified them.    
4.2.2 Molecular study 
4.2.2.1 Production of fungal ITS rDNA sequence 
Total DNA was extracted from all the Usnea specimens, including the field collected samples and the 
herbarium specimens in this study. Based on the study carried out in Chapter 3 to select the best 
method of DNA extraction, the Isolate Plant DNA Mini Kit (Bioline, London, UK) was used for DNA 
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extraction. The fungal ITS rDNA region was amplified using PCR technique described in section 3.2.5 
using fungal-specific primers (nr-SSU-1780-5’ Fungal and ITS (Table 3.1)). The PCR products were 
separated on 1% agarose gel and the amplified ITS rDNA regions were sequenced as described in 
section 3.2.6.  
4.2.2.2 Sequence-similarity BLAST search  
The quality of the fungal ITS rDNA sequences produced in this study were checked by screening their 
chromatograms and it was improved by trimming and editing them manually in Molecular 
Evolutionary Genetics Analysis (MEGA) software version 5 (Tamura et al., 2011). These edited 
sequences were compared to the GenBank dataset to find the most similar identified Usnea to each 
specimen in this study. ITS rDNA of the herbarium specimens was also compared with the Genbank 
dataset as the control to evaluate the accuracy of the herbarium identification and the GenBank 
dataset. 
4.2.2.3 Construction of mycobiont phylogenetic tree and network 
The edited and trimmed fungal ITS rDNA sequences were used for this study and the sequences with 
low quality containing complicated noises, for which trimming and editing were not applicable, were 
removed from the dataset. The trimmed sequences were aligned using the multiple sequence 
alignment program PRANKSTER (http://www.ebi.ac.uk/goldman-srv/prank/prankster/). For 
constructing a phylogenetic tree, a suitable model of evolution should be used as the estimates of 
phylogeny, substitution rates, and tests of the molecular clock are influenced by the model of 
evolution used in the analysis (Takezaki et al., 1995). Therefore, the aligned sequences were analysed 
using the jModelTest programme (Posada, 2008) to select the best-fit models of nucleotide 
substitution for the phylogenetic analysis. The recommended model was selected in the BEAUti 
(Bayesian Evolutionary Analysis Utility) programme to create an XML input file for BEAST (Bayesian 
Evolutionary Analysis by Sampling Trees), a program for Bayesian MCMC analysis of molecular 
sequences (Drummond et al., 2012). To construct the mycobiont phylogenetic tree in this study the 
midpoint rooting method was chosen. The file generated by the Bayesian MCMC run of BEAST was 
analysed using the program Tracer, a graphical tool for analysing the MCMC output (Drummond and 
Rambaut, 2007). The Bayesian MCMC output was summarised as maximum clade credibility (MCC) 
tree using the program TreeAnnotator, which is programmed by the BEAST designers. The MCC tree 
was visualised using FigTree (Rambaut, 2007), a program for producing publication-ready figures of 
phylogenetic trees.   
However, a phylogenetic tree is not adequate for visualising the phylogenetic relationships between 
specimens if some evolutionary mechanisms such as horizontal gene transfer, allopolyploidy, 
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hybridisation, and recombination are significantly involved. In this case, constructing a phylogenetic 
network instead of a tree has been recommended (Makarenkov and Legendre, 2004; van Iersel et al., 
2010). Therefore, a phylogenetic network was constructed for Usnea mycobionts using the aligned ITS 
rDNA sequences that were used for constructing the phylogenetic tree. To generate the network the 
program SplitsTree 4.11.3 (Huson and Bryant, 2006) using NeighbourNet method was used and 
evidence for genetic recombination was detected using Phi test (Bruen et al., 2006). 
4.2.2.4 Mycobiont phylogenetic tree analysis 
Closely related specimens of Usnea were considered to be one taxonomic group on the phylogenetic 
tree using several different methods of clustering. The first method was analysing the phylogenetic 
tree using the General Mixed Yule Coalescent (GMYC) model (Pons et al., 2006). This model has been 
reported as a species delimiting model and it was performed in R version 2.14.1 (Team, 2013) using 
the ape, paran, and splits packages. The second method of grouping was a manual system. Some 
identified specimens of Usnea (identified using morphology and/or chemistry) used in this study that 
were collected and identified to species level by experts were obtained for this study (Table 4.2).  This 
group of identified specimens contained 10 different species of Usnea namely, U. angulata, U. 
articulata, U. ciliata, U. ciliifera, U. cornuta, U. inermis, U. nidifica, U. rubicunda, U. torulosa, and U. 
xanthopoga. The phylogenetic tree was labelled by considering the position of these identified 
specimens to estimate the interspecific and intraspecific clades and form a distance threshold.  In the 
third clustering method, the results of sequence-similarity BLAST searches were used and specimens 
that were highly similar (≥99%) to those in the GenBank dataset were named and labelled on the 
mycobiont phylogenetic tree. The clades containing the labelled specimens were used for estimating 
the interspecific and intraspecific clades and calculating the number of distinct groups of Usnea on the 
phylogenetic tree. The fourth method added some of the ITS rDNA sequences from identified Usnea 
available in GenBank (Table 4.3) to the dataset produced in this study, and reconstruct a Bayesian 
phylogenetic tree using the procedure described in section 4.2.2.3. One sequence for each species 
was added and only the Usnea ITS rDNA sequences that had been given in peer-reviewed journal 
articles were used in this study to minimise the risk of adding misleading information. The dataset 
thus became 45 ITS rDNA for 45 Usnea species and included 12 Usnea species reported from New 
Zealand (labelled in Table 4.3). Based on the position of these Usnea species on the phylogenetic tree, 
the distinct clades were manually delimited. The phylogenetic tree containing the data from GenBank 
was also analysed using a GMYC model to delimit Usnea species groups. 
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 Table 4.1 Field collected specimens of New Zealand Usnea identified to species level 
No ID Scientific Name Identified By 
1 81a U. torulosa Allison Knight and Jennifer Bannister 
2 TORU1 U. torulosa Lars Ludwig 
3 204 U. articulata Allison Knight and Jennifer Bannister 
4 AK6 U. articulata Allison Knight 
5 NV1 U. articulata Arash Rafat 
6 206 U. ciliifera Allison Knight and Jennifer Bannister 
7 AK10 U. ciliifera Allison Knight 
8 265 U. inermis Allison Knight and Jennifer Bannister 
9 AK7 U. inermis Allison Knight 
10 IN1 U. inermis Allison Knight 
11 IN2 U. inermis Allison Knight 
12 IN3 U. inermis Allison Knight 
13 INER U. inermis Allison Knight and Jennifer Bannister 
14 INER2 U. inermis Hugh Wilson 
15 5422 U. nidifica Dan Blanchon 
16 NIDI U. nidifica Allison Knight 
17 5423 U. rubicunda Dan Blanchon 
18 5424 U. rubicunda Dan Blanchon 
19 5425 U. rubicunda Dan Blanchon 
20 ANGU U. angulata Allison Knight 
21 CILI U. ciliata Lars Ludwig 
22 CORN U. cornuta Allison Knight and Jennifer Bannister 
23 XAN U. xanthopoga Allison Knight 
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Table 4.2 Usnea specimens from GenBank that their ITS rDNA sequences included in this study. 
New Zealand Usnea species (Galloway, 2007) are given in bold. 
No. Species Accession No. Location Source 
1 U. acanthella DQ235483 Ecuador (Wirtz et al., 2006) 
2 U. acromelana DQ767952 Antarctica (Seymour et al., 2007) 
3 U. angulata JQ837291 Peru (Truong et al., 2013) 
4 U. antarctica EF179796 Tierra del Fuego (Seymour et al., 2007) 
5 U. articulata FR799033 England (Kelly et al., 2011) 
6 U. aurantiacoatra EF179797 Falklands (Seymour et al., 2007) 
7 U. baileyi AB051050 Japan (Ohmura, 2002) 
8 U. brasiliensis JQ837294 Madeira (Truong et al., 2013) 
9 U. ceratina FR799081 England (Kelly et al., 2011) 
10 U. ciliata DQ235475 New Zealand (Wirtz et al., 2006) 
11 U. cornuta JQ837299 Peru (Truong et al., 2013) 
12 U. crocata JQ837303 Peru (Truong et al., 2013) 
13 U. dasaea JQ837305 Peru (Truong et al., 2013) 
14 U. diffracta AJ748107 Japan (Articus, 2004a) 
15 U. erinacea JQ837308 Bolivia (Truong et al., 2013) 
16 U. esperantiana FR799093 England (Kelly et al., 2011) 
17 U. filipendula FR799076 Scotland (Kelly et al., 2011) 
18 U. flavocardia FR799112 Ireland (Kelly et al., 2011) 
19 U. florida AJ457148 Sweden (Articus et al., 2002) 
20 U. fragilescens JQ837310 Bolivia (Truong et al., 2013) 
21 U. fulvoreagens FR799051 Ireland (Kelly et al., 2011) 
22 U. glabrata JQ837313 Switzerland (Truong et al., 2013) 
23 U. glabrescens FR799056 Scotland (Kelly et al., 2011) 
24 U. hitra FR799043 Scotland (Kelly et al., 2011) 
25 U. lambii EF492152 NM (Wirtz et al., 2008) 
26 U. patagonica EF179801 Ecuador (Seymour et al., 2007) 
27 U. pectinata AB051656 Indonesia (Ohmura, 2002) 
28 U. perhispidella JQ837290 Peru (Truong et al., 2013) 
29 U. perpusilla EF492215 Argentina (Wirtz et al., 2008) 
30 U. rubicunda JQ837314 Peru (Truong et al., 2013) 
31 U. rubricornuta JQ837323 Bolivia (Truong et al., 2013) 
32 U. rubrotincta AB051660 Japan (Ohmura, 2002) 
33 U. silesiaca JQ837331 Ecuador (Truong et al., 2013) 
34 U. sphacelata EF179802 Svalbard (Seymour et al., 2007) 
35 U. steineri JQ837334 Peru (Truong et al., 2013) 
36 U. subantarctica EF179805 Antarctica (Seymour et al., 2007) 
37 U. subcapillaris DQ235477 New Zealand (Wirtz et al., 2006) 
38 U. subcornuta JQ837326 Ecuador (Truong et al., 2013) 
39 U. subdasaea JQ837329 Galapagos (Truong et al., 2013) 
40 U. subfloridana FR799082 Scotland (Kelly et al., 2011) 
41 U. subrubicunda JQ837332 USA (Truong et al., 2013) 
42 U. trachycarpa DQ235496 Tierra del Fuego (Seymour et al., 2007) 
43 U. trichodeoides AB720727 Japan (Ohmura, 2002) 
44 U. ushuaiensis EF492210 NM (Wirtz et al., 2008) 
45 U. wasmuthii FR799069 England (Kelly et al., 2011) 
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4.2.3 Chemical spot testing 
The chemistry of Usnea fungi was studied by monitoring the colour reaction of the central axis after 
one minute of chemical exposure using a microscope. Therefore, the central axis of the Usnea 
specimens, which contains only the fungal partner, was selected as the material for chemical testing.  
Paraphenylenediamine (PD) and potassium hydroxide (KOH) were used. The PD solution (5%), using 
70% ethanol, and the 10% aqueous KOH solution were prepared following Karunaratne et al. (2005). 
Briefly, the cortex and medulla of a branch were cut using a blade and its central axis was separated 
from the other parts of the thallus. The central axis was divided into three pieces (0.5 to 2 cm). Two 
pieces were inoculated directly with KOH and PD solutions separately and left for one minute to 
develop the reactions.  One piece of central axis of each specimen left untreated as the blank (negative 
control), then the two treated pieces of central axis were compared with it. Any change in colour was 
monitored and recorded under a Nikon SMZ1500 dissecting microscope (Nikon, Japan). No change in 
colour was considered as negative reaction while any change in colour indicated a positive reaction 
and the produced colour was recorded.  
Based on the changes in colour of the axis, the species were classified into three groups related to the 
main substance determined to be present in their medulla: salazinic and/or the stictic group of acids, 
psoromic acid, and others. Table (4.3) shows the changes in colour and main substance category. This 
table was prepared based on the medullary chemistry of Usnea spp. described by Halonen et al. 
(1999), Galloway (2007) and Pandlane et al. (2009).  
Table 4.3 Main substance categories in central axis of Usnea spp. related to the change in colour 
in chemical spot test. 
No Produced Colours Main substance Category  
KOH Pd 
1 (Orange→Red→Brown)  (Orange→Red→Brown)  
Stictic group and/or 
Salazinic acid(s) 
2 (Orange→Red→Brown) Yellow 
3 (Orange→Red→Brown) _ 
4 Yellow (Orange→Red→Brown) 
5 _ (Orange→Red→Brown) 
6 _ Yellow  
Psoromic acid 7 Yellow Yellow 
8 Yellow _  
Others 9 _ _ 
Pd: Paraphenylenediamine; this table was prepared based on the medullary chemistry of Usnea spp. 
(Galloway, 2007; Halonen et al., 1999; Randlane et al., 2009). 
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4.2.4 Morphological characteristics investigation 
Two of the independent and pivotal morphological characteristics of Usnea specimens, namely the 
reproductive structures and central axis thickness, which were recommended in Usnea taxonomy 
related literature (2.4.1), were selected in this study. These characteristics of the thalli of Usnea 
specimens were monitored and recorded under a Nikon SMZ1500 dissecting microscope (Nikon, 
Japan). The parameters recorded for the reproductive structures were the presence or absence of any 
type of reproductive structure (apothecia, soredia, and isidia). The thickness of central axis 
characteristic was measured by cutting one of the main branches of the thallus using a sharp blade 
and measuring the central axis thickness compared to the branch’s diameter (Figure 4.1). Based on 
the ratio of axis thickness (diameter of central axis /total diameter of the branch), samples were 
classified into four classes. Class I: central axis/branch diameter ≤ 0.25, Class II: 0.25 < central 
axis/branch diameter ≤ 0.5, Class III: 0.5 < central axis/branch diameter ≤ 0.75, and Class VI: central 
axis/branch diameter > 0.75. The photograph of each thallus was also taken using a MicroPublisher 
5.0 RTV camera (QImaging, China) to be kept for possible further study.   
 
 
Figure 4.1 The central axis thickness compare to the branch’s diameter measured for all the 
specimens used in this study. a: diameter of the central axis; b: total diameter of the 
branch. 
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4.2.5 Evaluation of the phylogenetic value of phenotypic characters 
The selected Usnea lichen morphological and chemical characters in this study were plotted onto the 
mycobiont phylogenetic tree using Mesquite 2.75 (Maddison and Maddison, 2011). This method 
shows the phylogenetic occurrence of the selected characters and congruence among the data 
partitions phenotypic character evolution. 
4.3 Results 
4.3.1 Production of fungal ITS rDNA sequence 
The fungal ITS rDNA region was obtained from more than 90% of the field specimens used in this study 
(420 ITS rDNA generated from 462 specimens) by applying the selected DNA extraction kit based on 
the study presented in Chapter 3 and using the PCR amplification method described in section 3.2.5. 
However, ITS rDNA sequences were produced for less than 10% of the herbarium specimens (five ITS 
rDNA were generated from 52 specimens) using the same method of DNA extraction and PCR. This 
result caused the withdrawal of the herbarium specimens from this study.  
4.3.2 Sequence-similarity BLAST search 
Almost 420 Usnea mycobiont ITS rDNA sequences were obtained for the field specimens in this study. 
However, the mycobiont phylogenetic tree was constructed using the sequences for only the 367 
specimens (Appendix B.1) for which I successfully produced the photobiont ITS rDNA sequences 
mentioned in Chapter 5. Most of the fungal ITS rDNA sequences after trimming were about 500 
nucleotides long.  
The BLAST search result for most of the specimens (more than 67%) showed that each ITS rDNA 
sequence was equally similar to at least two different named species of Usnea. For example, the 
specimen 599 was 99% similar to both U. cornuta and U. fragilescens (GenBank accession numbers 
JQ837301 and FR799083, respectively).  Similarly, the specimen NO2 had 98% similarity to both U. 
flammea and U. rubicunda (GenBank accession numbers FR799034 and FR799094, respectively). The 
specimens with 97% or more similarity to only one species of Usnea formed almost 29% of all samples 
in this study and were similar to the following species: U. flavocardia (22.7%), U. rubrotincta (25.5%), 
U. esperantiana (19.8%), U. dasaea (12.2%), U. cornuta  (7.5%), U. aff. igniaria (4.7%), U. ciliata (4.7%), 
U. flammea (1.9%), U. trachycarpa (0.94%). As a preliminary taxonomic identification of specimens 
using the sequence-similarity BLAST search in this study, only the specimens with ≥99 similarity to only 
one species from GenBank dataset were selected (Table 4.4) to minimise the risk of misidentification 
(Sonet et al., 2013). Specimen 5423 was morphologically identified as U. rubicunda (Table 4.2) but was 
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highly similar to U. dasaea based on the ITS rDNA similarity (Table 4.4), therefore it might be 
misidentified.  
Table 4.4 Estimated taxonomic identity based on fungal ITS rDNA sequence-similarity BLAST 
search results with ≥99% similarity to a species from GenBank. This table only includes 
the 61 specimens that had a ≥99% match to only one named species of Usnea. 
Therefore 306 specimens (83%) could not be identified using this method. 
Usnea species GenBank 
accession No. 
Number of 
Specimens 
ID of specimens 
U. ciliata DQ235476 2 CILI, 569 
 
U. cornuta FR799084 9 MAX1, N11, 547, 548, 592, 593, 594, 595, 
604 
 
U. dasaea AB051056 13 522, 524, 562, 5423, MAX2, MAX4, N2, 
N19, NO22, NO29, NO30, NO40, NO43 
 
U. esperantiana FR799089 9 544, N20, N24, NO25, NO36, NO44, NO46, 
ROB4, VIP1 
 
U. rubrotincta AB051660 28 523, 525, 530, 533, 596, 598, 602, 605, 606, 
5425, LB1, MA3, MA4, MA5, MAX3, N1, N7, 
N14, NO1, NO17, NO18, NO19, NO27, 
NO45, NO47, NO48, NO51, WH2 
 
4.3.3 Mycobiont phylogenetic relationships 
The mycobiont Bayesian phylogenetic tree constructed for the specimens of Usnea using ITS rDNA 
data in this study is shown in Figure 4.2. Based on previous studies on phylogenetic position within 
the genus Usnea (Truong et al., 2013; Wirtz et al., 2006), four main separated clades should be 
observed on the mycobiont phylogenetic tree for four groups namely Usnea, Neuropogon, 
DolichoUsnea, and Eumitria. However, detecting these groups on the phylogenetic tree without 
identifying the specimens to species level is impossible. In the reconstructed phylogenetic tree in this 
study, some of the specimens (NIDI, 5422, 575, 608, TAD2, TAD1, LEES, 555, 609, N15, ROB2, 610, 611, 
518, and 587) were differentiated dramatically from the rest of specimens. Based on those previous 
studies of the phylogenetic structure of the genus Usnea, the Eumitria clade is dramatically separated 
from the other three main clades in the Usnea phylogenetic topology. Therefore, the 15 specimens 
that were dramatically separated from others in this study, might belong to the Eumitria group. Apart 
from these four major clades, detecting differentiated sub-clades on the constructed mycobiont 
phylogenetic tree was difficult and the resolution was not high. A mycobiont phylogenetic network 
was also constructed in this study (Fig 4.3) in addition to the phylogenetic tree to explore character 
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conflict in the molecular data. Some unresolved relationships could be seen by presenting the data in 
the network form but any significant effect of hybridisation or horizontal gene transfer was not 
suggested by this result. No statistically significant evidence of the presence of recombination was 
revealed by the Phi test (P = 0.849).  
 
Figure 4.2 Bayesian phylogenetic tree constructed using ITS rDNA sequences of Usnea specimens. 
Based on the phylogenetic position within the Usnea genus reported previously 
(Truong et al., 2013; Wirtz et al., 2006), the four distinct clades were related to the four 
sub-generic groups, namely Usnea, Neuropogon, DolichoUsnea, and Eumitria, and 
named on the this phylogenetic tree (Usnea I, II, III, and IV, respectively) based on the 
position of these four clades. However, this estimation might not be correct.  
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 Figure 4.3 The mycobiont phylogenetic network based on variation in the ITS rDNA region from 
367 Usnea specimens.  
 
4.3.4 Mycobiont phylogenetic tree analysis  
A GMYC analysis was run in the single threshold mode (Figure 4.4) and the result of this analysis 
delimited the specimens into five putative species (ML entities) but with a confidence interval range 
from 4 to 365. The phylogenetic tree was analysed by GMYC using the multiple thresholds mode as 
well to account for the fact that coalescent depths among species are different. The result of this 
analysis (Figure 4.5) delimited the specimens into 34 putative species with a confidence interval range 
from 23 to 184.  
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 Figure 4.4 Lineage-through-time (LTT) plot (left) and phylogenetic tree analysed based on the 
estimated threshold (right) investigated for mycobiont of Usnea specimens using 
General Mixed-Yule Coalescent approach in the single threshold mode. The sudden rise 
in branching rate was considered to be the transition from interspecific to intraspecific 
region (red line) and the delimited lineages based on this line were shown using the red 
branches on the phylogenetic tree. 
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 Figure 4.5 Lineage-through-time (LTT) plot (left) and phylogenetic tree analysed based on the 
estimated thresholds (right) investigated for mycobiont of Usnea specimens using 
General Mixed-Yule Coalescent approach in the multiple thresholds mode. The sudden 
rise in branching rate was considered as the transition from interspecific to intraspecific 
region (red lines) and the delimited lineages were shown using different colours in 
phylogenetic tree. 
 
After labelling the specimens that were identified by experts on the phylogenetic tree, several well-
supported clades were formed (Figure 4.6). Most of the identified specimens were placed in distinct 
species clades. However, one of the U. torulosa specimens (81a) was placed in the U. inermis clade, 
and one of the U. rubicunda specimens (5425) was completely separated from the other two and was 
placed on a different clade. Therefore, based on the ITS rDNA phylogenetic positions, these two 
specimens (81a and 5425) might have been misidentified. However, it seems that ITS rDNA region of 
U. torulosa is very similar to that of U. inermis because the other identified U. torulosa specimen is the 
closest species to the U. inermis clade. For four species, U. angulata, U. ciliata, U. cornuta, and U. 
xanthopoga, there was only one specimen per species; however, they were separated on distinct 
clades. Based on the Usnea phylogenetic topology, U. cornuta, U. rubicunda, U. angulata, and U. 
articulata among the identified specimens in this study should be present in the Usnea distinct clade 
and U. ciliata belongs to the Neuropogon clade. Therefore, a different classification compared to 
Figure 4.2 was carried out based on this topology to visualise four clades of Usnea, Neuropogon, 
DolichoUsnea, and Eumitria (Figure 4.6). Based on this present classification, U. inermis, U. torulosa, 
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U. xanthopoga, and U. ciliifera reported to be a part of Usnea clade while U. nidifica is suggested to 
be a member of the Eumitria clade. 
 
Figure 4.6 Identified specimens of Usnea on the mycobiont phylogenetic tree. Some well-
supported species clades were formed: U. rubicunda (orange clade), U. inermis (grey 
clade), U. ciliifera (red clade), U. articulata (green clade), and U. nidifica (light blue 
clade). Based on the previously reported Usnea phylogenetic topology (Truong et al., 
2013; Wirtz et al., 2006) four distinct groups of Usnea, Neuropogon, DolichoUsnea, and 
Eumitiria were estimated and labelled on this tree by considering the available species. 
Except U. ciliata which belongs to Neuropogon clade and U. nidifica which belongs to 
Eumitria clade, the rest of identified specimens placed in the Usnea clade. No identified 
sample was placed in the DolichoUsnea clade. 
 
A few well-supported clades were formed after labelling the tree with the results from the sequence 
similarity BLAST search given in Table 4.6 (Figure 4.7). Except for the specimens that were similar to 
U. cornuta, which were placed in two different clades, all other species (U. ciliata, U. dasaea, U. 
esperantiana, and U. rubrotincta) formed their own distinct clades. However, the majority of 
specimens that were similar to U. cornuta (592, 593, 594, 595, and 604) were placed in the clade which 
was supported by the only morphologically identified U. cornuta (CORN). Some disagreements were 
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found by comparing these well-supported clades with the clades formed based on the morphologically 
identified specimens (Figure 4.6) because the U. dasaea distinct clade included the specimen 5423, 
which was identified as U. rubicunda morphologically. Based on the Usnea phylogenetic topology and 
the previous classification (Figure 4.6), the specimens MAX1, N11, 547, and 548 cannot be U. cornuta 
because they were placed in DolichoUsnea clade.   
 
 
Figure 4.7 Mycobiont phylogenetic tree containing the sequence-similarity BLAST search results. 
Specimens similar to U. cornuta produced two separated clades but the other 
specimens similar to U. esperantiana, U. rubtotincta, and U. dasaea formed only one 
well-supported clade for each species.  
 
Figure 4.8 shows the mycobiont phylogenetic tree that was constructed using the ITS rDNA of 45 
species of Usnea from GenBank and the DNA sequences produced in this study. Some of these species 
formed distinct clades. The presence of only a few species of these 45 species was suggested based 
on the position of those species on the phylogenetic tree including U. angulata, U. ciliata, U. cornuta, 
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U. esperantiana, U. rubrotincta, U. subcapillaris, and U. subdasaea. Analysis of this phylogenetic tree 
using GMYC analysis in the single mode (Figure 4.9) delimited the species in to 99 distinct species clade 
(confidence interval: 12-113 species). However, several poorly estimated clades were observed and 
different species were considered to be one species. For example, U. subfloridana and U. florida, U. 
glabrescens and U. fulvoreagens, U. subantarctica and U. trachycarpa, and U. antarctica and U. 
aurantiacoatra were considered to be the same species. Analysing the same phylogenetic tree using 
GMYC in the multiple mode (Figure 4.10) increased the suggested 135 delimited species (confidence 
interval: 64-195 species). By looking at the GMYC analysis result, it was obvious that there were still 
several misestimated distinct clusters among the distinct clusters suggested by multiple thresholds. 
For example, U. subfloridana and U. florida considered to be one distinct species, as were U. antarctica 
and U. aurantiacoatra. For example, U. trichodeoides was separated from U. diffracta, whereas these 
two species belong to the DolichoUsnea clade based on the Usnea phylogenetic topology. By looking 
at the topology of this constructed tree, specimens belonging to the Neuropogon group formed two 
separated clades (labelled in Figure 4.8); one included U. ciliata and U. subcapillaris, and the other one 
included U. patagonica, U. antarctica, U. acromelana, U. lambii, U. perpusilla, U. ushuaiensis, U. 
subantarctica, U. trachycarpa, and U. sphacelata which is similar to the reported topology for Usnea 
in the phylogenetic literature. None of the ITS rDNA sequences generated from three specimens 
identified as U. rubicunda (5423, 5424, and 5425) produced a clade with the U. rubicunda ITS rDNA 
collected from GenBank (JQ837314); they were placed in the U. dasaea, U. subdasaea, and U. 
rubrotincta clades, respectively. The three specimens that were morphologically identified as U. 
articulata and used in this study (204, AK6, and NV1) formed a clade together but the U. articulata ITS 
rDNA collected from GenBank (FR799033) was placed in another part of the phylogenetic tree. 
 65 
 Figure 4.8 The Usnea phylogenetic tree constructed using the ITS rDNA sequences of 45 different 
species of Usnea collected from GenBank and ITS rDNA sequences from 367 New 
Zealand Usnea specimens.  U. subcapillaris, U. ciliata, U. dasaea, U. angulata, U. 
subdasaea, U. esperantiana, U. cornuta, and U. rubrotincta formed distinct clades by 
clustering with some of the specimens used in this study. Some of the Usnea species 
did not form any distinct clades: Group I included 25 species of Usnea namely U. 
acanthella, U. acromelana, U. antarctica, U. aurantiacoatra, U. baileyi, U. diffracta, U. 
filipendula, U. flavocardia, U. florida, U. fulvoreagens, U. hirta, U. glabrescens, U. 
lambii, U. patagonica, U. pectinata, U. perpusilla, U. silesiaca, U. sphacelata, U. 
subantarctica, U. subfloridana, U. subrubicunda, U. trachycarpa, U. trichodeoides, U. 
ushuaiensis, and U. wasmuthii; Group II included five species of Usnea namely U. 
brasiliensis, U. erinacea, U. rubricornuta, U. rubicunda, and U. steineri; Group III 
included three species of Usnea namely U. articulata, U. crocata, and U. subcornuta; 
Group IV included two species of Usnea namely U. fragilescens and U. glabrata; U. 
ceratina and U. perhispidella formed two separated mono-taxa clades; N (red colour): 
Two clades formed by Neuropogon species in this phylogenetic tree. 
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 Figure 4.9 Lineage-through-time (LTT) plot (left) and phylogenetic tree analysed based on the 
estimated threshold (right) investigated for mycobiont of Usnea specimens (including 
ITS rDNA of 45 species of Usnea from GenBank and 367 specimens of Usnea generated 
in this study) using General Mixed-Yule Coalescent approach in the single threshold 
mode. The sudden rise in branching rate was considered as the transition from 
interspecific to intraspecific region (red line) and the delimited lineages were shown 
using different colours in phylogenetic tree. 
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 Figure 4.10 Lineage-through-time (LTT) plot (left) and phylogenetic tree analysed based on the 
estimated thresholds (right) investigated for mycobiont of Usnea specimens (including 
ITS rDNA of 45 species of Usnea from GenBank and 367 specimens of Usnea generated 
in this study) using General Mixed-Yule Coalescent approach in the multiple thresholds 
mode. The sudden rise in branching rate was considered as the transition from 
interspecific to intraspecific region (red lines) and the delimited lineages were shown 
using different colours in phylogenetic tree.  
 
4.3.5 Chemical spot test  
The chemical spot test was carried out for the specimens for which production of ITS rDNA sequence 
from them was successful. However, insufficient lichen material was available for the chemical spot 
testing for 32 of the specimens after DNA extraction. Therefore, these 32 specimens were considered 
as missing data for the rest of analysis. The result of this study, after classifying the specimens into 
three categories, namely salazinic and/or stictic group of acids, psoromic acid, and others, showed 
that the main acids for the majority of specimens used in this study (194 out of 335 tested specimens) 
were the salazinic and/or stictic group of acids. The result also showed that the minority of specimens 
(74 out of 335 examined specimens) contained psoromic acid as their main acid. The rest of the 
specimens (74 specimens) belonged to the third category that showed other types of acid are the main 
compound in their mycobionts. 
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4.3.6 Morphological characteristics 
Morphological characteristics were investigated for the specimens for which production of ITS rDNA 
sequence was successful. However, not enough lichen material was available from all those 367 
specimens after DNA extraction and chemical spot testing. Therefore, 38 from 367 total specimens 
had missing data and this number was greater for the central axis thickness measurement, which was 
the final morphological test (45 from 367 total specimens). The result of studying the reproductive 
structures showed that almost 11% of the specimens examined in this study (37 out of 329 specimens) 
had apothecia as the sexual reproductive system on their thalli. However, the presence of asexual 
reproductive structures on the thalli of the examined Usnea specimens in this study was more 
common and I observed that the presence of isidia (176 out of 329 specimens) was slightly higher than 
soredia (151 out of 329 specimens). The presence of both soredia and isidia together on one thallus 
was observed only in 13% of the specimens tested in this study.    
The result of the investigation of central axis thickness for Usnea specimens used in this study showed 
that the majority (67.70%) of samples belonged to the Class II (0.25 < central axis/branch diameter ≤ 
0.5) followed by Class I (central axis/branch diameter ≤ 0.25), which included 19.25% of samples. Only 
1.24% of specimens in this study belonged to the Class IV (central axis/branch diameter > 0.75). 
4.3.7 Phylogenetic patterns of morphological and chemical characters 
Plotting the chemical characters onto the mycobiont phylogenetic tree in this study revealed a high 
level of congruence between chemistry and the phylogenetic positions of Usnea species based on the 
ITS rDNA data (Figure 4.11). 
The result of plotting the morphological characters on the mycobiont phylogenetic tree in this study 
strongly supported that the presence of reproductive structures, especially the sexual fruiting bodies, 
apothecia (Figure 4.12a), is a pivotal morphological characteristic for using in Usnea taxonomy 
because the majority of specimens with apothecia belonged to one distinct clade (29 out of 37 
specimens). The same pattern, however, weaker, was observed for the asexual reproductive 
structures (Figure 4.12b, c) with their consistent presence in some distinct clades. Some congruence 
was also seen by plotting the central axis data on the phylogenetic tree (Figure 4.13). In one of the 
major distinct clades, only a few specimens with central axis/branch diameter ≤ 0.25 were present. 
Among the morphological characters considered in this study, reproductive structures had a stronger 
association with phylogenetic structure than did central axis size. However, transitions between 
presence and absence of the morphological characters within Usnea specimens were observed several 
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times and it appeared that some of these changes in the presence and absence of soridia and isidia 
are dependent on each other. 
 
Figure 4.11 Three chemical categories, 1: salazinic and/or stictic group of acids (black), 2: psoromic 
acid (blue), and 3: others (green), were mapped on the mycobiont phylogenetic tree.  
 
 
Figure 4.12 Presence of sexual (apothecium (a; green)) and asexual (soridium (b; green) and isidium 
(c; green)) reproductive structures mapped onto the Usnea mycobiont phylogenetic 
tree.  
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Figure 4.13 Four categories of central axis/branch diameter ratio were mapped on the mycobiont 
phylogenetic tree. The distribution of Usnea with central axis/branch diameter ≤ 0.25 
(red), with 0.25 < central axis/branch diameter ≤ 0.5 (black), with 0.5 < central 
axis/branch diameter ≤ 0.75 (green), and with central axis/branch diameter > 0.75 (blue 
spots) are shown along the tips of the tree. 
 
4.4 Discussion 
This study is the first report of the phylogenetic position of Usnea mycobionts in New Zealand based 
on DNA data.  The results not only improve our understanding of phylogenetic structure within this 
genus, but also validate several phenotypic characters commonly used in taxonomic studies of Usnea 
spp. Usnea species delimitation and species identification based on molecular data was also studied 
for the first time for New Zealand specimens and it reveals some interesting patterns in the presence 
of some species in New Zealand.    
4.4.1 Mycobiont ITS rDNA sequence amplification 
Production of fungal ITS rDNA from most of the herbarium samples was unsuccessful, however, this 
result was consistent with other studies (Bridge, 1998). Although the reasons for DNA extraction 
difficulties from herbarium samples of Usnea have not been studied, reports on other taxa suggest 
that some herbarium storage techniques increase DNA degradation (Drabkova et al., 2002). The 
disruption of membranes/cell-walls in herbarium specimens has also been shown to be more difficult 
than in fresh samples and herbarium specimens are thought to provide DNA that is lower in both 
quality and quantity of DNA (Drabkova et al., 2002). Apart from the herbarium samples, fungal ITS 
rDNA was successfully amplified for most of the freshly collected specimens used in this study. It 
showed that the selected DNA extraction method in this project (Chapter 3) is a practical and proper 
method for non-herbarium specimens. 
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4.4.2 ITS rDNA-similarity BLAST search  
The lack of molecular data for New Zealand Usnea species in GenBank was highlighted in this study. 
Not many of the generated DNA sequences in this study showed high similarity to one of the Usnea 
species in GenBank and there were two reasons for this. Firstly, there are no available ITS rDNA data 
for some New Zealand endemic and non-endemic Usnea species in GenBank. For example, U. ciliifera 
is endemic and U. inermis is not; neither of these species have ITS rDNA available in GenBank. 
Secondly, there is a very large genetic distance between some of the Usnea specimens in New Zealand 
compared to those in other parts of the world. For example, highest similarity of ITS rDNA generated 
from U. angulata New Zealand sample used in this study was 95% to U. rubicunda (accession number: 
JQ837318). There is an ITS rDNA sequence available for U. angulata in GenBank (accession number: 
JQ837291) and the phylogenetic methods used in this study showed that this ITS rDNA from GenBank 
formed a clade with the U. angulata ITS rDNA generated in this study, therefore, none of these 
specimens have been misidentified.  
4.4.3 Usnea mycobiont phylogenetic position in New Zealand 
This study was mainly designed to investigate the phylogenetic positions of Usnea species within the 
genus in New Zealand without focusing on the phylogenetic position of the genus Usnea in the family 
Parmeliaceae. Therefore, no outgroup was considered in building the phylogenetic tree. However, 
there was no evidence, such as a very long branch, that suggested the Usnea specimens considered 
were not a monophyletic lineage and it is therefore in agreement with the recent reports about the 
phylogenetic position of the genus Usnea in the family Parmeliaceae (e.g. Crespo and Ortega (2009). 
The Bayesian phylogenetic tree constructed for New Zealand Usnea mycobionts using ITS rDNA data 
in this study did not reveal clearly separated clades in most parts of the tree and recognising 
interspecies and intraspecies clades were difficult. Many of the nodes were not well supported 
(posterior probabilities less than 0.95). The method used for building the phylogenetic tree in this 
study has been frequently used by different researchers to study the phylogenetic position of different 
taxa, therefore, it cannot be the reason for such low resolution. The first potential issue to discuss was 
the suitability of the application of the ITS rDNA region for phylogenetic study in the genus Usnea. ITS 
rDNA region was selected to conduct this study based on previous work. In fungal phylogenetic and 
systematic studies, the ITS rRNA gene has been officially named as the fungal barcode (Porter and 
Golding, 2012) and it has been widely used for an extensive range of fungal species (Avis et al., 2010). 
This region of DNA has been also used in several phylogenetic studies of lichens. For example, ITS 
rDNA sequences were used in a comprehensive phylogenetic analysis to investigate the relationship 
between the species of three lichen-forming genera of fungi namely Fulgensia, Caloplaca, and 
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Xanthoria (Gaya et al., 2003). This region of DNA had been also used for phylogenetic studies in Usnea 
(Articus, 2004b). At the date of proposing this study, there were only a few reports that showed 
problems with using ITS rDNA region for only a few fungal species such as some species of 
ectomycorrhizal fungi (Aanen et al., 2001; Simon and Weiß, 2008; Smith et al., 2007) and Usnea 
species were not among those reported species. The main problems reported for this region of DNA 
was intraspecific and intragenomic (intrastrain) ITS variations (Lindner and Banik, 2011). There was 
also no specific study to compare different region of DNA for molecular study in the genus Usnea at 
the time of conducting this present study and one report on suitability of this region as a potential 
DNA barcode for lichen-forming fungi and particularly the species of the genus Usnea was published 
by (Kelly et al., 2011). However, in a very recent publication by Truong et al. (2013), ITS rDNA has been 
compared with few other regions (nuLSU, and two protein-coding genes RPB1 and MCM7) for generic 
and species delimitation studies of the genus Usnea. The result of their study revealed that the ITS 
region generates some bias during sequence alignment and contains insufficient genetic information 
and thus had critical limitations for resolving phylogenetic relationships within the genus Usnea. Based 
on these limitations, Truong et al. (2013) showed that constructing Usnea phylogenetic trees by using 
only ITS sequences had a low phylogenetic resolution and the topology was not close to the topology 
revealed by the multi-locus phylogeny. A simultaneous optimisation of alignment and phylogeny using 
Bali-phy were suggested by the authors to improve both the resolution and the topology of Usnea 
phylogenetic tree when the ITS rDNA region is used alone. However, it did not completely resolve the 
phylogenetic relationships among the closely-related species. Application of RPB1 sequences showed 
better phylogenetic resolution than other regions in their study and suggested caution in using ITS 
rDNA alone for taxonomic changes and introducing new species in the genus Usnea. Hence, it seems 
that the low resolution problem observed for the mycobiont phylogenetic tree in this study is due to 
using the ITS rDNA region alone. This reason is supported by the finding that there was no significant 
evidence for genetic recombination observed when constructing the Usnea mycobiont phylogenetic 
network in this study. The phylogenetic network constructed in this study confirmed that this method 
was able to give some more details about the evolutionary relationships between the specimens 
compared to the phylogenetic tree because conflicting phylogenetic signals could be observed in some 
parts of the network. Presence of these sort of signals can provide evidence of hybridisation or 
horizontal gene transfer (Cruickshank, 2011). To my knowledge, the application of phylogenetic 
network for studying the phylogenetic position in Usnea lichen has not also been suggested in any 
other studies.  
The Usnea phylogenetic topology revealed by previous studies showed that this genus was subdivided 
into four well-supported clades named Usnea, Neuropogon, DolichoUsnea, and Eumitria clades 
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(Truong et al., 2013; Wirtz et al., 2006) and that the Usnea phylogenetic tree constructed in this study 
using 367 specimens also formed four major separated clades. No specific genetic distance for the 
genus Usnea has been recommended in the literature to be used for Usnea species delimitation 
studies. However, coalescence depths are reported to differ among species due to different rates of 
mutation and speciation (Aanen et al., 2001). Therefore reporting a particular genetic distance for all 
species in one genus may not be possible. The result of the present study is in agreement with this 
statement because the genetic distance between specimens of the same ITS rDNA lineage varied for 
different lineages. For example, the specimens morphologically identified as U. angulata formed a 
distinct clade with the U. angulata ITS rDNA from GenBank, but their genetic distance was much 
greater than genetic distance between two different species such as U. ciliata and U. subcapillaris 
(Figure 4.8).   
 Analysing the initial Usnea mycobiont phylogenetic tree, before adding any ITS rDNA data from 
GenBank, using GMYC species delimitation model in the single threshold mode suggested the 
presence of 5 putative species (confidence intervals ranged from 4 to 365 species), but it seems that 
this number is actually the detected separated major clades and not the present species. The GMYC 
model has not been used for delimiting Usnea species in the few available studies; however, it was 
used as one of the methods of species delimitation in a phylogenetic study of the Cladia aggregata 
lichen Complex  (Parnmen et al., 2012). Parnmen et al. (2012) analysed the phylogenetic tree, 
constructed using 486 specimens, using both single and multiple thresholds, which resulted in the 
detection of 9 and 12 putative species, respectively. The single threshold mode of GMYC suggested 
fewer potential species than the multiple thresholds mode in this present study and it is therefore 
consistent with the study carried out by Parnmen et al. (2012).     
Adding identified specimens from herbaria (e.g. Lumbsch et al. (2004) in a phylogenetic study of 
lichen-forming discomycetes) or DNA sequences of identified specimens from GenBank (e.g. Kauff and 
Lutzoni (2002) in a phylogenetic study of Diploschistes lichen-forming fungi) to a DNA dataset for the 
phylogenetic study of lichens is commonly used in different studies. In this present study, although 
DNA extraction and ITS rDNA generation from the main herbarium specimens failed, some 
morphologically/chemically identified specimens were donated by some experts. However, molecular 
identification through the phylogenetic position of these specimens showed that a few of these 
specimens were incorrectly identified. This result confirmed the difficulties in identification of Usnea 
to species level using phenotypic characters that has been expressed in literature. U. articulata ITS 
rDNA from GenBank differed from all three morphologically identified U. articulata used in this study 
although these three specimens formed a distinct clade together. There are two major possibilities for 
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this: first, the ITS rDNA sequences deposited in GenBank do not belong to this species, or second, is 
that there is a big genetic distance between the specimens called U. articulata in New Zealand and 
those known as U. articulata in England (used in this and other studies such as Kelly et al. (2011) and 
Truong et al. (2013)). The second explanation is more likely because there are 11 ITS rDNA sequences 
for U. articulata available in GenBank (at the date of this study and from both published and 
unpublished sources) and none of ITS rDNA generated from the morphologically identified U. 
articulata specimens used in this present study showed high similarity to them based on the BLAST 
search result.    
The topology of the constructed Usnea mycobiont phylogenetic tree included the GenBank DNA 
sequences in this study did not fully follow the topology explained by phylogenetic tree constructed 
by Truong et al. (2013). However, this study has increased our understanding of the phylogenetic 
position of Usnea spp. in New Zealand and suggested the possibility of the presence of a few species 
such as U. dasaea, U. subdasaea, and U. esperantiana in New Zealand for the first time. Due to 
incomplete sampling, this study did not include specimens from several of the Usnea species identified 
in New Zealand (Galloway 2007) inlcuding U. acromelana, U. antarctica, U. baileyi, U. sphacelata, and 
U. trichodeoides. Further, these results are only based on a single-locus molecular analysis and may 
differ if a multi-locus analysis is carried out (Truong et al. 2013). As expected, based on Usnea 
phylogenetic topology a separate group was formed by the specimens of the species U. ciliata and U. 
subcapillaris which belonged to the group Neuropogon in the present study. This same pattern had 
been observed in a few other studies, for example, Lumbsch and Wirtz (2011) conducted a 
phylogenetic study using ITS and IGS (intergenic spacer) sequences and the protein-coding gene RPB1. 
Further, Truong et al. (2013) observed a similar pattern in their multi-locus phylogenetic study.  
4.4.4 Evaluation of the phylogenetic value of some of the most important 
phenotypical characters used in Usnea taxonomy 
Asexual reproduction has been reported to be the dominant system of reproduction in Usnea lichens 
(Bowler and Rundel, 1975) and this is consistent with the result for New Zealand Usnea presented 
here. Although the sampling method in this study may not be suitable for making this judgment 
because the 367 specimens used in this study do not cover all the present species of Usnea in New 
Zealand, it is also consistent with the Flora of New Zealand Lichens (Galloway, 2007) where the 
presence of seridia and isidia on different Usnea species was reported more often than apothecia.   
To my knowledge, this is the first study to consider the association of some of the most important 
phenotypic (morphological and chemical) characters in the genus Usnea, which are commonly used in 
the taxonomic study of this genus, with molecular data. Although inconsistency between 
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morphological and/or chemical characters and DNA-based phylogenetic data has been reported to be 
a common issue in lichens (Grube et al., 2004), some strong patterns of congruence between 
phenotypic characters and ITS rDNA-based lineages of Usnea were visually observed in this study. 
Furthermore, there were some genetically distant specimens that shared similar phenotypic 
characters; however, this type of phenotypic convergence between genetically distant groups in 
lichens has been frequently reported and it is not specific to the current study. For example, molecular 
data produced by Blanco et al. (2004) in a phylogenetic study of parmelioid lichens showed that two 
Karoowia specimens with similar growth patterns were not closely related. However, one of the main 
reasons for the phenotypic similarities among different species and phenotypic differences among the 
specimens of the same species in lichens is the effect of ecological conditions which are poorly 
understood (Parnmen et al., 2012). Among the morphological characters considered in this study, the 
results showed that reproductive structures had a higher level of convergence compared to the central 
axis size. In terms of methodology, measuring the central axis size is more time consuming than 
observing reproductive structure on the thallus. Therefore, it can be concluded that reproductive 
structures are more useful than central axis size for taxonomic studies. The congruence of chemical 
characters and the ITS rDNA-based phylogenetic position of the Usnea specimens showed that 
chemical data are valuable information in taxonomic studies of this genus in New Zealand. This finding 
is in agreement with the previous judgment by Clerc (1998) who considered chemical characters to be 
important. However, the phylogenetic pattern in the distribution of these examined chemical and 
morphological characters among the ITS rDNA lineages observed in this study was not necessarily 
observed at the species level. Hence, the examined morphological and chemical characters in this 
study appear to be appropriate and practical characters for use in the taxonomy of New Zealand Usnea 
lichens, but the importance of them should not be overestimated. 
There have been similar studies reported for other lichen species to evaluate the phylogenetic value 
of some taxonomically important phenotypic characters. For example, some of the most important 
morphological characters such as cortical anatomy, lobe configuration, cilia, and rhizines, which are 
commonly used in taxonomic study of Hypotrachyna lichens from the family Parmeliaceae were found 
to have insignificant importance in classifying monophyletic groups via a phylogenetic analysis carried 
out by Divakar et al. (2006). The similar report about the importance of chemical characters in 
taxonomy of parmelioid lichens was given by Crespo et al. (2011). Therefore, based on the results 
obtained in this study and comparing them with similar studies on different genera of lichens, it 
appears that the importance of at least some phenotypic characters has been overestimated in 
taxonomic studies of different genera of lichens.    
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4.4.5 Phenotypic character evolution 
One interesting point about the evolutionary statement of reproductive structures seen in this study 
was the correlation of the presence and absence of soridia and isidia on each other. In contrast, in the 
similar study on Porpidia s.l. lichens (Buschbom and Barker, 2006), transitions between presence and 
absence were reported to be independent for the asexual reproductive mode. 
Sexual reproduction is the most common reproductive mode across all organisms (Otto, 2008). Most 
studies on different organisms also assume asexual reproduction evolved from sexual reproduction 
and therefore, asexual organisms are more recently evolved than sexual ones on an evolutionary time 
scale (Sandrock et al., 2011). The primary reason for this is that genetically variable offspring can be 
generated by sexual reproduction and are thus an advantage because natural selection acts on the 
genetic variation (Otto, 2008). However, it has been already shown that sexual reproduction does not 
always result in genetically varied offspring but that sex evolves in different conditions such as rapidly 
changing environments and where there is variation in selection over space (Otto, 2008). In lichens, a 
mixture of sexual and asexual reproduction modes are reported for many different species (Buschbom 
and Barker, 2006). Presence of both symbionts in lichens is critical for forming the lichen thallus and 
codispersal happens via asexual reproduction in lichens, therefore, asexual reproduction may be a 
specific survival strategy selected for in many species (Buschbom and Barker, 2006). To my knowledge, 
no other studies have been conducted on the evolution of phenotypic characters in Usnea. 
4.5 Conclusion  
This study was primarily conducted to consider the use of molecular identification methods for the 
genus Usnea in New Zealand as well as investigating their phylogenetic position at the generic level. 
In addition, some of the phenotypic characters that are commonly used in the taxonomy of Usnea 
were evaluated by comparison with the phylogenetic data. All objectives of this study were achieved 
and the only failure faced in this study was related to DNA extraction from herbarium specimens. In 
conclusion, the DNA-similarity BLAST search study showed that there is not enough molecular 
information about New Zealand species of Usnea available in GenBank which creates a problem for 
the molecular identification process. Use of ITS rDNA as the only DNA region does not appear to 
provide a complete and well-resolved Usnea phylogeny and for a higher resolution, the application of 
additional DNA regions is suggested. The possible presence of some previously unrecorded species of 
Usnea in New Zealand is suggested. These molecular studies showed that some of the morphologically 
identified species used in this project are likely to have been misidentified and therefore 
morphological identification of species in the genus Usnea is challenging. This finding has been also 
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confirmed by evaluating some of the most important phenotypic characters because this showed that 
genetically distant species may share similar phenotypic characters. 
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Chapter 5 
Photobionts in New Zealand Lichens of the Genus Usnea 
 
 
 
5.1 Introduction   
By looking at the available literature it is obvious that in symbiotic lichen association studies, the 
mycobionts receive more attention that the other partner, the photobionts. However, many 
researchers believe that the symbiotic responsibility of the photobionts; feeding this composition by 
reducing the atmospheric carbon dioxide into organic carbon sugars, is more fundamental than the 
symbiotic responsibility of mycobiont; providing suitable living and growth conditions (Sarma, 2012).  
Therefore, the existence of a lichen depends on the presence of the photobiont as much as the 
presence of mycobiont. There are several reports of specificity (specific taxonomic range of 
compatible symbiotic partners) between mycobionts and photobionts and no lichen-forming fungus 
is able to establish a thallus without its compatible photosynthetic algal and/or cyanobacterial partner 
(Rambold et al., 1998; Yahr et al., 2004). The availability of compatible photobionts has a direct effect 
on establishment and dispersal of any lichen that reproduces sexually (Fedrowitz, 2011; Hedenås et 
al., 2007). To address biological and ecological questions about lichens such as patterns of association, 
dispersal, and levels of specificity, it is necessary to have sufficient information about their 
photobionts. However, the reality is that the photosynthetic partner has received little attention in 
many genera of lichens (Friedl and Budel, 2008). The scientific name of lichens come from their fungal 
partner and the taxonomy of the lichens are based on the fungal partner classification because the 
main structure of a lichen thallus is formed by the mycobiont partner (Rai et al., 2002). Apart from this 
ignorance of photobionts, the difficulty of identification of photobionts through morphological 
taxonomy (Ahmadjian, 1993a; Dahlkild et al., 2001; Honegger, 1996) is the main reason that very few 
lichen photobionts have been identified to the species level (Dahlkild et al., 2001; Honegger, 1996). 
Size and shape of photobiont cells and chloroplast and pyrenoid morphology, which are commonly 
used as the phenotypic characters of identification, can be modified in the lichenized form (Honegger, 
2009).  
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Although photobionts in Usnea lichen are generally thought to be unicellular green algae from the 
genus Trebouxia (Balarinová et al., 2013), Usnea is one of those genera for which the photobionts 
have not been well-characterised. The genus Trebouxia contains 25 taxonomically accepted species 
(Guiry and Guiry, 2013) but there have been only a few species named as the photobiont and no study 
has been carried out to investigate the diversity of Trebouxia spp. associated with Usnea spp. 
Ahmadjian (Ahmadjian, 1993b) named a few species of Trebouxia as the photobionts associated with 
some species of Usnea: T. excentrica associated with U. dasypoda, U. florida, and U. rigida; T. impressa 
associated with U. longissima; T. Usnea associated with U. filipendula.  In another study, Engelen et 
al. (Engelen et al., 2010) identified the photobiont associated with U. lambii as T. jamesii using ITS 
rDNA sequence similarity.  
A few studies have been carried out on the taxonomy of Usnea lichens, but the photobiont taxonomy 
and diversity have not been considered in these studies. For example, Ohmura and Kanda (2004) 
studied the taxonomic status of the mycobionts of the genus Usnea using both morphological and 
molecular data but the taxonomy of the photobionts was not examined. 
Cyanobacteria have been reported as photobionts (either alone or with green algae) in 10-15% of 
lichens (Miura and Yokota, 2006). Cephalodia are reported as the cyanobiont-mycobiont association 
structures on the lichen thallus for those lichens that have both algal and cyanobacterial partners. 
However, there have been no particular studies investigating the presence of cyanobacteria as 
secondary photobionts in Usnea. Presence of free-living cyanobacteria, particularly as endolichenic 
microorganisms, has also not been investigated. 
This research project is designed to address some questions about the nature of association in Usnea 
lichens in New Zealand. Having some information about the photobionts associated with Usnea spp. 
in New Zealand is a prerequisite to addressing these questions. Knowledge of the diversity of 
photobionts and the mycobionts associated with them as well as their phylogenetic structure, will 
allow several questions related to the patterns of association and coevolutionary processes in lichens 
to be addressed (Fontaine et al., 2012). The objectives of this study are (1) to produce algal nuclear 
Internal Transcribed Spacer (ITS) ribosomal RNA (rDNA) gene data for all specimens, (2) to use these 
ITS rDNA sequences for molecular identification of the photobionts, (3) to investigate the presence of 
cyanobacteria, either as symbionts or free-living within the Usnea lichens using molecular and 
microscopic studies, (4) to build a photobiont phylogenetic tree of Usnea spp. in New Zealand, and (5) 
to estimate the number of photobiont taxa associated with New Zealand Usnea spp. by analysing the 
phylogenetic tree. 
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Morphological analysis has been used in many studies as a method of algal photobiont identification 
and classification in lichens. However, the results of many of those studies showed that phenotypic 
characteristics were not a suitable taxonomic tool. For example, Helms (2003a) strongly suggested 
that the Trebouxia morphospecies concepts are not appropriate methods for classification of 
photobionts compared to the ITS rDNA analysis. In another study, Grube and Muggia (2010) showed 
that the Trebouxia phylogenetic tree constructed using the ITS rDNA sequences of the identified 
specimens deposited in GenBank is not completely in agreement with the phenotypic classification. 
For these reasons, molecular approaches were used as the only tool for studying the biodiversity of 
algal photobionts in Usnea lichens in this study. 
5.2 Materials and Methods 
5.2.1 Lichen and DNA samples  
This study was carried out using the same Usnea specimens used for studying the mycobionts in 
Chapter 4. The genomic DNA extracted from those samples (4.3.1) was used in this study.     
5.2.2 Algal ITS rDNA amplification, electrophoresis, sequencing, and BLAST search 
PCR amplifications were carried out using nr-SSU-1780 Algal and ITS4 forward and reverse primers 
(Table 3.1) reported by Piercey-Normore and DePriest (2001). PCR amplification was performed in a 
25µl reaction volume using GoTaq® Green Master Mix as previously described (Section 3.2.5). 
Electrophoresis and DNA sequencing were carried out as described previously (Section 3.2.6). 
Sequence-similarity BLAST is a well-established method that has been used to assist identification of 
different organisms by searching databases for sequence similarities (Kool et al., 2012) and therefore 
it was used for molecular identification of photobionts in this study. 
5.2.3 Phylogenetic analysis 
Phylogenetic analysis of algal photobionts was carried out for the algal ITS rDNA sequences using the 
same methods as for phylogenetic study of the mycobionts (4.2.2.3).  
5.2.3.1 Phylogenetic classification of Usnea photobionts  
To understand the diversity of photobionts associated with mycobionts in the genus Usnea in New 
Zealand, closely related photobionts were grouped on the phylogenetic tree. This classification was 
carried out in three different ways: (a) Based on the result of sequence-similarity BLAST search: based 
on the result obtained from the study 5.2.2, the highly similar (≥99) specimens to an identified species 
at the GenBank dataset were selected. These specimens were labelled on the photobiont phylogenetic 
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tree with the species name based on the GenBank dataset. The reason that only sequences with ≥99 
similarity was selected was to minimise the risk of misidentification (Sonet et al., 2013). The clades 
containing the named species were detected and used for estimating the interspecific and 
intraspecific genetic diversity and calculating the number of distinct groups of Trebouxia on the 
phylogenetic tree. (b) The General Mixed Yule Coalescent (GMYC) method (Pons et al., 2006) of 
species delimitation was used to classify the photobionts using the algal phylogenetic tree. GMYC 
analysis was performed in R version 2.14.1 using ape, paran, and splits packages. (c) Some ITS rDNA 
sequences of identified Trebouxia photobionts available in GenBank (Table 4.1) were selected and 
added to the dataset containing the algal ITS rDNA produced in this study. These were the sequences 
of the most common Trebouxia species reported to be lichen photobionts. DNA sequences from 
misidentified species have been also deposited to the GenBank database (Valkiūnas et al., 2008), 
therefore only those which had been published in peer-reviewed journals were selected in the present 
study to reduce the risk of using DNA sequences from incorrectly identified species. At least two ITS 
rDNA sequences were added for each species (based on availability on the date of analysing these 
data) except for those species for which BLAST search results showed that there is at least one highly 
similar specimen among the samples to those species.  This became a group of 15 Trebouxia ITS rDNA 
sequences including 12 different species.  A new phylogenetic tree was constructed for these new 
data (ITS rDNA produced in this study along with those from GenBank) using the procedure described 
at 4.2.2.3. Based on the location of the Trebouxia species on this tree, distinct clades were inferred. 
This new photobiont phylogenetic tree containing the data from GenBank was also analysed using the 
GMYC model to delimit Trebouxia species.      
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Table 5.1 Trebouxia specimens from GenBank that their ITS rDNA sequences included in this 
study. 
Species  Accession No. Lichen Location Reference 
T. aggregata JF831903 Xanthoria Germany (Beck and Mayr, 2012) 
T. arboricola JQ993799 Caloplaca Chile (Vargas Castillo and Beck, 
2012) 
T. asymmetrica AF344177 Fulgensia France (Beck et al., 2002) 
T. asymmetrica AF345889 Diploschistes NM (Piercey-Normore and 
DePriest, 2001) 
T. australis FJ626726 NM NM (del Campo et al., 2010) 
T. brindabellae FJ626727 NM NM (del Campo et al., 2010) 
T. corticola AB177833 Parmotrema Japan (Ohmura et al., 2006) 
T. decolorans FJ705205 Ramalina USA (Werth and Sork, 2010) 
T. gelatinosa FJ626730 NM NM (del Campo et al., 2010) 
T. gelatinosa 
 
AJ249569 NM NM (Friedl et al., 2000) 
T. impressa AF389937 Physcia Finland (Dahlkild et al., 2001) 
T. impressa AF345891 Physcia NM (Piercey-Normore and 
DePriest, 2001) 
T. incrustata FJ792801 Xanthoparmelia Italy (Gasulla et al., 2010) 
T. incrustata AJ293795 Lecanora USA (Helms et al., 2001) 
T. jamesii FJ406573 Usnea Antarctica (Engelen et al., 2010) 
T. simplex AF453265 Chaenotheca Sweden (Tibell and Beck, 2001) 
NM: Not mentioned 
 
5.2.4 Evaluating the presence of cyanobionts associated with Usnea mycobionts 
5.2.4.1 Cyanobacterial 16S rDNA examination 
Molecular approaches, as the most sensitive tools, were applied to investigate the presence of 
cyanobacteria within Usnea thalli. Ten fresh samples were randomly selected for this experiment. 
Surface sterilisation was carried out as described previously (Section 3.2.2) to reduce the risk of 
contamination with free-living environmental cyanobacteria on the surface of the lichen thalli. Total 
DNA was extracted from surface sterilized thalli using the DNA Isolate Plant Mini Kit as explained 
before (Section 3.2.3).  
Total extracted DNA from the thalli was used for PCR amplification. The specific forward and reverse 
primers for cyanobacteria were used to amplify of the 16S rDNA region. These primers were CYA359F 
(5’- GGGGAATYTTCCGCAATGGG -3’) and CYA781R(b) (5’- GACTACAGGGGTATCTAATCCCTTT -3’) 
respectively (Boutte et al., 2006). PCR amplification was performed in a 25µl reaction volume using 
GoTaq® Green Master Mix as previously described (Section 3.2.5). The thermal cycle for 
cyanobacterial 16S rDNA amplification was as follows: initial denaturation at 95°C for 12 minutes, then 
35 cycles of denaturation at 95°C for 20 seconds, annealing at 60°C for 1 minute, extension at 72°C for 
1 minute, then a final extension at 72°C for 10 minutes. DNA from a non-cyanobacterial endolichenic 
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bacterium isolated from Usnea in our lab was used as a negative control to confirm the specificity of 
the cyanobacterial primers. 
PCR products were separated by electrophoresis (explained at Section 3.2.6) to evaluate which 
specimens contained cyanobacteria. The PCR products containing the right cyanobacterial band 
(almost 450 bp) were sent for DNA sequencing and a sequence-similarity BLAST search was carried 
out as described previously (Section 3.2.6). 
5.2.4.2 tRNALeu Intron marker examination 
Based on the result obtained from the cyanobacterial 16S rDNA examination, DNA of three specimens 
that contained cyanobacteria were used for a PCR amplification using the tRNALeu (UAA) Intron primers 
designed by Paulsrud and Lindblad (1998). These are able to reveal the genetic diversity of Nostoc 
symbiotic cyanobacteria in lichens. Briefly, two nested primer pairs were used: an outer primer pair 
(5ˊGGAATTCGGGGRTRTGGYGRAAT3ˊ and 5′TCCCGGGGRYRGRGGGACTT3′) and an inner primer pair 
(5′AGAATTCGGTAGACGCWRCGGACTT3′) and 5′ACCCGGGTWTACARTCRACGGATTTT3′). PCR 
amplifications were performed in the same 25µl reaction volume as described for the 16S rDNA 
amplification (Section 5.2.4.1).  The thermal cycle for the first amplification using the outer primers 
was as follows: initial denaturation at 95°C for 1 minute, then 30 cycles of denaturation at 95°C for 30 
seconds, annealing at 58°C for 30 seconds, extension at 72°C for 45 seconds, then a final extension at 
72°C for 1 minute. The PCR products from this first amplification were diluted 500-fold in sterile water 
to be used for the second reaction. The same thermal cycle was used for the second reaction using 
the inner primers except that the annealing temperature was increased to 62°C. The PCR products 
were analysed using the protocol described for the 16S rDNA amplification (Section 5.2.4.1). 
5.2.4.3  Microscopy and autofluorescence studies 
Based on the results of the molecular study, the specimens containing cyanobacteria were selected 
for microscopic examination. Light microscopy has been reported as a practical tool to screen 
cyanobionts associated with lichens by several scientists (Papaefthimiou et al., 2008; Sarma, 2012) 
and therefore it was used in this study. Cephalodia are the structures containing cyanobionts in 
tripartite lichens. In microscopy studies of cyanobacteria, cephalodia structures have been commonly 
used (Cornejo and Scheidegger, 2013). However, presence of cephalodia has been never reported for 
Usnea spp.. Hence, various regions from the surface sterilized thallus of each specimen were 
separately cut using a sterile scalpel blade. Microscopy sections in various thicknesses (8 to 20 µm) 
were prepared using a Leica CM1100 freezing microtome (Leica Biosystems, USA) but only sections 
thicker than 16 µm maintained the morphology of the thallus. Sections were examined using a Nikon 
Eclipse E800 microscope (Nikon, Japan) and the photographs of the samples were taken using a 
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MicroPublisher 5.0 RTV camera (QImaging, China). Cyanobacteria are photosynthetic prokaryotes and 
have specific chlorophyll fluorescence signals (Campbell et al., 1998), therefore red and green 
autofluorescence can be used as a viable assay for identification of cyanobacteria cells (Schulze et al., 
2011). Autofluorescence of samples was measured using an Olympus Fluoview 1000 confocal 
microscope (Olympus Corporation, Japan) at the University of Otago, New Zealand to investigate the 
presence of cyanobacteria.  
5.3 Results 
5.3.1 Sequence-similarity BLAST search 
Comparing the algal ITS sequences with the GenBank dataset (provided by the U.S. government-
funded National Center for Biotechnology Information (NCBI)) showed that only 25 specimens out of 
367 had high nucleotide homology (≥99%) with those in the database (Table 5.2). Among these 25 
specimens, the majority of samples (14 specimens) were highly similar to unidentified Trebouxia 
species (Trebouxia spp.) and two samples (CILI and COR) were equally similar to two different species 
of Trebouxia, namely T. jamesii and T. simplex. Meanwhile, six specimens were highly similar to 
Trebouxia jamesii, two were similar to T. brindabellae, and one was similar to T. decolorans. Apart 
from these 25 specimens, the rest of the algal ITS sequences were most similar (92%-98%) to 
uncultured Trebouxia photobionts and a few different species of Trebouxia such as T. jamessi, T. 
simplex, T. corticola, T. brindabellae, T. australis, as well as unidentified Trebouxia spp.  
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Table 5.2 Estimated taxonomic identity based on the algal ITS rDNA sequence-similarity BLAST 
search. 
No. Specimen ID Similarity with 
database (%) 
GenBank 
accession No. 
Trebouxia 
1 16 99 FJ626727 T. brindabellae 
2 65 99 FJ626727 T. brindabellae 
3 66b 99 FJ705178 T. decolorans 
4 501 99 FJ792800 T. sp. 
5 506 99 FJ792800 T. sp. 
6 564 99 GQ375355 T. jamesii 
7 565 100 GQ375355 T. jamesii 
8 569 99 JN204751 T. jamesii 
9 570 100 JQ004609 T. jamesii 
10 579 99 FJ792800 T. sp. 
11 582 99 FJ792800 T. sp. 
12 583 99 FJ792800 T. sp. 
13 CILI 100 HQ667313, 
AF128270 
T. jamesii, T. 
simplex 
14 COR 99 GQ375355 T. jamesii 
15 GRAND 99 AF128270, 
JN204768 
T. simplex, T. 
jamesii 
16 HAR1 99 FJ792800 T. sp. 
17 MA1 98 FJ792800 T. sp. 
18 MON 99 FJ792800 T. sp. 
19 N22 99 FJ792800 T. sp. 
20 OTIRA 99 FJ792800 T. sp. 
21 PEEL1 99 FJ792800 T. sp. 
22 PHEES 100 JX509861 T. jamesii 
23 TAK 99 FJ792800 T. sp. 
24 TAXHIL 99 FJ792800 T. sp. 
25 VIP3 99 FJ792800 T. sp. 
 
 
5.3.2 Algal photobiont phylogenetic analysis 
The phylogenetic reconstruction revealed a few clearly separated groups of Trebouxia photobionts 
(Figure 5.1). The Trebouxia spp. with high similarity (≥99%) to the available sequences in GenBank 
database were labelled on the phylogenetic tree. Only nine specimens, among those 25 samples with 
≥99% sequence similarity, were used to group Trebouxia species/closely related specimens because 
14 samples were highly similar to Trebouxia sp. and two samples were equally similar to two different 
species of Trebouxia.  A few well-supported clades including sequences of T. jamesii, T. brindabellae, 
and T. decolorans were formed (Figure 5.1). The T. jamesii clade contained eight photobionts from the 
specimens 564, 565, 569, 570, CILI, GRAND, and PHEES while T. brindabellae covered 12 photobionts 
from specimens 16, 17, 18, 30, 41, 47, 60a, 65, 71, 72, LEES, and MT2. The T. decolorans clade only 
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contained the photobiont from the specimen 66b. Based on these distinct clades, the distance 
between interspecific and intraspecific clades was estimated and using this as a threshold for species 
delimitation suggested the presence of 21 distinct groups of closely related Trebouxia. The photobiont 
phylogenetic tree was also analysed using the GMYC species delimitation model (single threshold), 
which suggested the existence of only three distinct species by lumping T. jamesii and T. brindabellae 
together as a single species (Figure 5.1). However, the confidence interval obtained was very broad (3 
to 34 distinct species).  
Reconstructing the photobiont phylogenetic tree after adding some ITS rDNA sequences of identified 
species of Trebouxia, strongly supported two of the three distinct clades revealed using the BLAST 
search results in the first method of analysis, namely T. jamesii and T. brindabellae. The T. decolorans 
clade suggested in the first method of analysis was not recovered in this analysis because the genetic 
distance between specimen 66b and the GenBank sequence identified as T. decolorans was greater 
than the threshold for considering it as the same species. However, another distinct clade was 
detected corresponding to T. australis (Figure 5.2). This clade contained photobionts of eight 
specimens, namely 22, 37, 64, 78b, 81a, 205, 562, and AK4. The position of different Trebouxia species 
on the phylogenetic tree did not allow for a clear universal threshold for species delimitation. For 
example, the genetic distance between T. incrustata and T. asymmetrica was much greater than that 
between T. simplex and T. jamesii, therefore no threshold was estimated. Many of the species from 
GenBank including T. arboricola, T. aggregate, T. asymmetrica, T. incrustata, T. impressa, T. 
gelatinosa, T. simplex, and T. corticola formed their own distinct clades on the phylogenetic tree and 
suggested that they were not present in the examined specimens in this study.  
The photobiont phylogenetic tree containing the named Trebouxia spp. (identified species obtained 
from GenBank) was analysed using the GMYC model. The results showed the presence of 22 distinct 
clades/species with a confidence interval between 16 and 26. However, based on the information that 
we obtained by adding the identified Trebouxia to the phylogenetic tree, a single threshold time might 
not be able to separate interspecific clades. Therefore GMYC in the “single” mode faced a problem for 
species delimitation. Errors of both types occurred by grouping the same species in distinct clades (e.g. 
T. gelatinosa) and by classifying different species in the same clade (e.g. T. aggregata and T. 
arboricola). Figure 5.3 shows an example of several examples of errors made by GMYC in the single 
mode. For this reason GMYC was run for a second time in the “multiple” mode to examine whether 
this way of analysing the data may be more accurate. The result showed 34 distinct clades with a 
confidence interval between 17 and 35. This method reduced the number of incorrect clades but there 
were still some obvious errors. For example, T. aggregata and T. arboricola, which were wrongly 
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estimated as one species in the single mode of GMYC analysis, were correctly estimated as two distinct 
clades in the multiple mode, but the two T. gelatinosa specimens were still estimated as different 
species in the multiple mode. Figure 5.4 shows an example of an error made by GMYC in the multiple 
mode. 
 
Figure 5.1. Bayesian phylogenetic tree of Trebouxia photobionts associated with Usnea 
mycobionts built using 367 lichen specimens. Two ways of classification of Trebouxia 
photobionts were shown in this figure: a) Trebouxia highly similar to sequences from 
named species in GenBank species are labelled. Three distinct clades related to T. 
decolorans, T. jamesii, and T. brindabellae are highlighted. Based on these clades, the 
threshold time between intraspecific clades was estimated (blue line) resulting in 21 
distinct groups. b) Photobiont phylogenetic tree analysed using General Mixed-Yule 
Coalescent approach. The red vertical linein the left side: the threshold time between 
interspecific and intraspecific clades; The red arrows: the delimited clade of species of 
Trebouxia. 
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 Figure 5.2 Bayesian Trebouxia photobiont phylogenetic tree containing 367 specimens from this study and 16 identified Trebouxia from GenBank. It 
revealed presence and absence of some Trebouxia species in the specimens used in this study.   
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Figure 5.3 Species delimitation errors in the photobiont phylogenetic tree using GMYC in the 
single mode. This Figure shows a small part of the photobiont phylogenetic tree 
containing the identified Trebouxia species analysed using GMYC in the single mode. 
Six distinct clades are shown, from top to bottom: The green colour clade is correctly 
estimated as a distinct clade containing two T. asymmetrica samples. The yellow clade 
is correctly estimated as a distinct clade containing two T. incrustata specimens. The 
orange colour clade contains two different species of Trebouxia and is incorrectly 
estimated as a single species. The pink branch is a monotypic clade (one of the 
specimens used in this study) which may be correctly separated from the black colour 
branch (T. decolorans). The last clade (sky blue) is another distinct clade that contains 
nine unidentified Trebouxia specimens.  
 
 
Figure 5.4 Species delimitation errors in the photobiont phylogenetic tree using GMYC in the 
multiple mode. This Figure shows a small part of the photobiont phylogenetic tree 
containing the identified Trebouxia species analysed using GMYC in the multiple mode. 
Five distinct clades are shown, from top to bottom: The brown clade is misclassified as 
distinct from the pink clade, which belongs to the same species (T. impressa). A similar 
error has occurred in T. gelatinosa, which appears as two distinct species (red and blue 
clades). The last distinct clade (green) contains 15 unidentified Trebouxia specimens. 
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5.3.2 Evaluating the presence of cyanobionts associated with Usnea mycobionts  
5.3.3.1 16S rDNA and tRNALeu Intron marker examinations 
Molecular studies confirmed the presence of cyanobacteria in six specimens out of the ten examined 
by amplification of the cyanobacterial 16S rDNA region. No 16S rDNA was amplified using the 
endolichenic bacterium (negative control), which confirmed the specificity of the cyanobacterial 
primers.  The BLAST search result for the cyanobacterial 16S rDNA sequences showed 97-98% 
similarity to uncultured and unidentified cyanobacteria from GenBank for all six samples. DNA from a 
subset of three samples was tested using tRNALeuIntron primers. No DNA was amplified using these 
primers.  
5.3.3.2 Microscopy and autofluorescence studies 
The 60% presence of cyanobacteria in Usnea thalli was further investigated using light microscopy. 
Cyanobacteria-like structures (Figure 5.5) were observed in some of the sections prepared from the 
positive samples. These were attached to the cortex layer of the thalli and their cells were round in 
shape, 7-15 µm wide (each cell), forming truly branched brownish filamentous structures. Based on 
the morphological information provided by Gugger and Hoffmann (2004) this suggested that they 
might belong to the genus Stigonema. Among all cyanobionts reported in literature, these 
cyanobacteria-like organisms are morphologically very similar to the cyanobionts from the genus 
Stigonema isolated from lichen communities in the Mulga Lands of Queensland, Australia by Williams 
and Budel (2012). Autofluorescence of these samples using confocal microscopy suggests that these 
cyanobacteria-like structures are not in fact cyanobacteria. 
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 Figure 5.5 Cyanobacteria-like organism attached to the lichen thalli of the genus Usnea. 
 
5.4 Discussion 
The main objectives of this study were successfully achieved. For the first time, molecular taxonomic 
approaches were applied for gaining a better understanding of the diversity of photobionts associated 
with Usnea spp. The results of this study confirm that species of Trebouxia are the main photobionts 
in Usnea lichens and that no cyanobiont is associated with Usnea as cyanobiont. The phylogenetic 
structure of those photobionts was also analysed to reveal the number of photobiont species. 
Presence and absence of some species of Trebouxia among the photobionts associated with Usnea 
lichens in New Zealand was revealed. The conjunction of data produced in this chapter with the 
mycobiont phylogenetic data presented in Chapter 4 may address important ecological questions (see 
Chapter 6).    
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5.4.1 Algal ITS rDNA amplification 
Amplifying the specific algal ITS rDNA failed for several samples like the amplification of fungal specific 
ITS rDNA region (Chapter 4), therefore algal ITS rDNA sequences could not be obtained for some of 
the specimens that had successfully produced fungal ITS rDNA sequenced and these samples were not 
used; only specimens with both fungal and algal ITS rDNA sequences were included in this study. The 
reasons for this algal ITS rDNA amplification failure are unclear. However, it was noticed that harsh 
surface sterilisation by extending the 70% ethanol and 20% bleach exposure times increased the risk 
of photobiont PCR amplification failure.  
5.4.2 Algal photobiont diversity 
5.4.2.1 Sequence-similarity BLAST search 
This study is the first report of the photobionts associated with Usnea mycobionts in New Zealand. 
Molecular identification using the algal ITS rDNA region is frequently conducted by finding the most 
similar species in the GenBank dataset to the ITS rDNA sequence produced from the unidentified 
sample (Kesici et al., 2013; Neustupa et al., 2013). The algal ITS rDNA sequences from the Usnea thalli 
produced in this study were highly similar to Trebouxia spp. in GenBank. Therefore, this molecular 
study confirmed that species of the genus Trebouxia are the main algal photobionts associated with 
all of the different species of Usnea mycobionts examined in this study. There were more than 2000 
Trebouxia ITS rDNA sequences available in GenBank on the date of this analysis, however only 25 out 
of 367 sequences showed very high similarity (≥99%) to any of those sequences and only nine of those 
were identified to species level (T. brindabellae, T. decolorans, and T. jamessi) based on sequence 
similarities. Among 25 taxonomically accepted species of Trebouxia, the ITS rDNA sequences of only 
two of them, namely T. anticipata and T. cladoniae, had not been deposited in GenBank. Despite this 
most of the sequences in this study did not match those from named species reflecting the poor state 
of Trebouxia taxonomy, and in particular the under-representation of sequences from New Zealand. 
Including specimens with 97% or greater similarity to the ITS rDNA sequences in GenBank, added a 
few more species (T. simplex, T. corticola, and T. australis) to the photobiont biodiversity in this study. 
This is the first time that some of these species of Trebouxia are identified as photobionts of Usnea; 
T. brindabellae and T. decolorans. 
GenBank dataset was searched in this study for finding all molecular information related to 
photobionts associated with Usnea lichens deposited by other researchers.  The results showed that 
there were only eight ITS sequences related to algal photobionts associated with Usnea spp.  Four of 
them belonged to T. jamesii (FJ406573, FJ426296, FJ426311, and FJ426304) associated with U. lambii, 
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U. trachycarpa, and Usnea sp., but only one of those sequences has been published in a peer-reviewed 
journal (Engelen et al., 2010). The other four sequences belonged to unidentified Trebouxia 
(AF242471, EU416223, EU683442, and JN848816). T. jamesii is a widely distributed species and it has 
been reported as a photobiont associated with lichen forming fungi from different parts of the world 
from Canada (Piercey‐Normore, 2006) to Antarctica (Engelen et al., 2010). It has not only been 
reported as a photobiont associated with Usnea but also with other species of lichens. For example, 
Ahmadjian (1993b) observed T. jamesii to be the photobiont of some species in the genera Anzia, 
Cetraria, Chaenotheca, Hypogymnia, Hypotrachyna, Melanelia, Parmelia, Parmeliopsis, Pseudevernia, 
Punctelia, and Schaereria. Doering and Piercey-Normore (2009) also reported T. jamessi as photobiont 
associated with a variety of lichens inclusing U. lapponica and U. filipendula. Based on this study, T. 
jamesii photobionts are also associated with Usnea spp. in New Zealand.  Although Trebouxia 
biodiversity in New Zealand lichens is not yet well-studied, some ITS rDNA sequences amplified from 
other species of lichens such as Brigantiaea sp. and Caloplaca sp. collected from Flock Hill Station, 
South Island, New Zealand were also similar to T. jamesii (unpublished data from studies under 
supervision of Dr. Hannah Buckley at Lincoln University). Therefore T. jamesii seems to be a common 
algal photobiont in different genera of lichens in New Zealand. Engelen et al. (2010) have also shown 
that T. jamesii is the photobiont of Lepraria borealis, U. lambii, and Tephromela diciformis, which are 
found growing close together in Coal Nunatak, Antarctica. Therefore, it can be concluded that T. 
jamesii can be commonly used as the photobiont by different genera of mycobionts at one site.   
T. decolorans is another widespread photobiont associated with different species of lichen forming 
fungi (Werth, 2012) but to my knowledge this is the first study to show it to be a photobiont associated 
with Usnea spp. Ahmadjian (1993b) named it as a photobiont for only two species, Buellia straminea 
and Ramalina sp. In this present study, T. decolorans was only associated with one specimen of Usnea.  
This may be a result of high level of specificity of symbionts towards each other. For example, Werth 
and Sork (2010) showed that Ramalina menziesii was highly specific towards T. decolorans as its 
photobiont. 
Two species were highly similar (≥99%) to T. brindabellae in this study. Both of these specimens were 
from the same study site, Flock Hill Station in Canterbury. There is little information about this species 
of Trebouxia in the literature. The ITS rDNA sequence deposited in the GenBank dataset that was 
highly similar to the Usnea photobionts in this study belonged to a photobiont associated with 
Ramalina farinacea (del Campo et al., 2010). It seems that Ramalina and Usnea share some common 
Trebouxia spp. as their photobionts. 
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5.4.2.2 Photobiont phylogeny 
The photobiont phylogenetic tree constructed using 367 ITS rDNA in this study revealed some clearly 
separated groups of Trebouxia. The phylogenetic tree confirmed the results of the BLAST searches as 
there was no unusual long branch to suggest the presence of any other algal genera. However, to have 
a better understanding of Trebouxia diversity and taxonomy in Usnea lichens, monophyletic groups 
on the phylogenetic tree were distinguished. A wide range of distinct clades/species were suggested 
using different methods of analysis (from 3 to 34). This shows the impact of the method of analysis 
for delimiting taxonomic groups/species and how different methods of analysis may give various 
meanings to one dataset. High specificity of Usnea mycobionts towards Trebouxia photobionts as well 
as the phylogenetic structure of Trebouxia shown in this study have been reported for Trebouxia 
photobionts in some other lichen taxa as well. For example, the genetic diversity of the photobionts 
of the family Physciaceae was investigated by Helms (2003a) using his ITS rDNA data. The algal ITS 
region of 82 species from 19 different genera of lichen from the family Physciaceae were amplified 
and added to data obtained from GenBank. In their studies, all of the photobionts belonged to the 
genus Trebouxia and phylogenetic analysis revealed four groups, each of which contained some sub-
groups, but only three of those were completely monophyletic.  
Adding some identified Trebouxia species from GenBank to the dataset revealed a better view of the 
number of Trebouxia photobiont species associated with Usnea. However, it also showed that most 
of the Trebouxia photobionts associated with Usena mycobionts in New Zealand are different from 
the commonly reported Trebouxia photobionts associated with different genera of lichen in other 
parts of the world. It is not surprising that there are some undescribed Trebouxia species among the 
photobionts associated with Usnea mycobiont in New Zealand because the photobionts of this region 
are not well-studied.  
To avoid misleading or incomplete conclusions in this study, species delimiatation was carried out not 
only by estimating the threshold manually but also using the General Mixed Yule Coalescent (GMYC), 
which is a widely used method for delimiting species on a phylogenetic tree. Fujisawa and Barraclough 
(2013) showed that GMYC is a strong tool for delimiting evolutionarily significant units using single-
locus DNA data from large samples of individuals. This approach was employed to delimit the number 
of Trebouxia species associated with mycobionts in McMurdo Dry Valleys, Antarctica (Pérez-Ortega et 
al., 2012) and revealed five putative species of Trebouxia photobionts in the study area. The number 
of distinct groups of Trebouxia photobionts estimated by GMYC method in this study was three groups 
before adding information from GenBank. This increased to 22 and 34 groups (single- and multiple- 
threshold modes respectively) after adding information from GenBank. An estimate of only three 
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distinct groups of photobionts seems to be a very low diversity for the geographic area tested in this 
study (both North and South Islands of New Zealand). After adding information from GenBank to the 
dataset generated in this study, the presence of more than three different species of Trebouxia among 
the photobionts examined in this study was suggested. Therefore, three distinct groups of Trebouxia 
suggested by GMYC analaysis before adding information from GenBank cannot be accepted as distinct 
species clades. However, the result of GMYC analysis after adding the information from GenBank 
increased this estimated number to 22 and 34 groups. Presence of more than three species of 
Trebouxia photobionts is expected for a geographic area of this size based on literatures. This result 
was more similar to what the manual threshold suggested (21 groups), but some errors were still 
observed. Based on these errors it can be argued that application of GMYC for delimiting species may 
not be always very accurate. A single fixed distance threshold may not always be applicable due to 
variation in coalescent depths among species (Monaghan et al., 2009) but, as was observed in this 
study, applying multiple thresholds may not overcome this problem completely.  
To estimate a number for the Trebouxia photobiont lineages associated with 367 specimens of Usnea 
examined in this study based on different methods of analysis, the misestimated clades by GMYC 
analysis were detected and reduced to 12 groups from the suggested number for distinct species by 
GMYC analysis (22 groups). Hence, the results of this study suggest that photobionts associated with 
Usnea spp. in New Zealand belong to at least 12 distinct Trebouxia ITS lineages. At this stage, and with 
this amount of data, it cannot be determined whether each of these groups is a distinct species of 
Trebouxia. However, the presence of three species, namely T. australis, T. brindabellae and, T. jamesii, 
and the absence of nine other species, namely T. arboricola, T. aggregata, T. asymmetrica, T. 
decolorans, T. incrustata, T. impressa, T. gelatinosa, T. simplex, and T. corticola, among these distinct 
groups are unquestionable.  
Grube and Muggia (2010) believed that although analysing unidentified algal photobionts using the 
DNA sequences of the identified specimens has been practiced in many studies, it has  not been a 
trouble-free method, which agrees with the results of this study. The results obtained in this study 
were compared with the few available reports of photobiont diversity in lichens at different taxonomic 
scales of family, genus, and species. First of all, it should be highlighted that no specific reports were 
found about photobiont diversity in the genus Usnea or even one single species of the genus Usnea. 
There were only a few studies that reported an individual photobiont associated with a few species of 
Usnea without extended sampling. For example, Engelen et al. (2010) revealed that T. jamesii is the 
photobiont in the U. lambii thallus but an extended sampling of the U. lambii in the area of study was 
not carried out by them to show the diversity of photobionts in this species.  
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Diversity of photobionts associated with lichens is expected to vary when different taxonomic and 
geographical scales are studied. For example, it is expected that diversity of photobionts associated 
with mycobionts of a lichen family are higher than the diversity of photobionts associated with 
mycobionts of only one lichen genus, and both are higher than diversity of photobionts associated 
with only one species of lichen. This expectation has not been always confirmed and literature shows 
that it highly depends on the examined taxa. For example, Opanowicz and Grube (2004) reported a 
very low photobiont diversity for  Flavocetraria nivalis lichens in Poland by showing that T. simplex, 
was the only photobiont associated with seven specimens of this species collected from different sites, 
while Blaha et al. (2006) showed a very high photobiont diversity for Lecanora rupicola by reporting 
that nine species of Trebouxia are photobionts of this species, namely T. decolorans, T. incrustata, T. 
impressa, T. flava, T. simplex and three unidentified species of Trebouxia by testing 32 species of L. 
rupicola. At the genus scale, Romeike et al. (2002) showed that five species of Trebouxia are in 
association with four mycobiont species in the genus Umbilicaria in Antarctica. 
The Verrucariaceae is a very interesting family of lichens in terms of diversity of algal symbionts and it 
has been reported that its photobionts belong to several different genera of algae (Nyati et al., 2007; 
Peters and Moe, 2001).  A study carried out by Thüs et al. (2011) confirmed these reports by showing 
that several photobiont species from three different classes of algae, namely Xanthophyceae, 
Trebouxiophyceae, and Ulvophyceae, are associated with mycobionts in this family. Thüs et al. (2011) 
also showed that the diversity of photobionts associated with different genera of lichen can vary. For 
example, while different species of the genus Polyblastia are only associated with Diplosphaera algal 
photobionts, there is a wide range of different algal photobionts from the genus Trebouxia, 
Asterochloris, and Diplosphaera among the photobionts associated with species of the lichen genus 
Bagliettoa (discussed as the specificity at the generic level by Thüs et al. (2011)). Therefore, based on 
the literature, the diversity of photobionts associated with the genus Usnea in this study may not be 
only expandable to the other genera of the family Parmeliaceae, but it cannot be compared with the 
photobiont diversity in other genera of lichens.  
5.4.3 Cyanobacterial photobionts (cyanobionts) 
This study was the first of its kind to investigate the presence of cyanobacteria, either symbiotic or 
free-living, in lichens of the genus Usnea. The result of cyanobacterial 16S rDNA sequencing revealed 
the presence of cyanobacteria in some of the Usnea specimens in this study. There were three possible 
explanations for this result: (a) they are cyanobionts associated with Usnea mycobionts, (b) they are 
free-living epilichenic or endolichenic cyanobacteria, or (c) they represent environmental 
contamination. The result of the 16S rDNA sequence-similarity BLAST search (similarity with 
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unidentified uncultured cyanobacteria) and the tRNALeu Intron markers (no amplification) show that 
the cyanobacteria present within the thalli are unlikely to be any of those common cyanobionts 
associated with lichen-forming fungi. Therefore, the first possibility mentioned above (a) is unlikely 
and the other two altenratives remain possibilities (b and c). Based on the surface sterilisation 
technique applied in this study to reduce the risk of contamination, the last option (c) also seems 
unlikely. The results of cyanobacterial 16S rDNA sequencing in this study weaken the last alternative 
(c) even more. All steps of study for all samples were carried out similarly and under the same 
conditions but cyanobacterial 16S rDNA sequence was amplified for only some of the samples. Based 
on this similar condition of sampling and DNA extraction, if the positive result of 16S rDNA 
amplification was a result of environmental contamination, it is more likely that it would be seen in all 
samples and not only some of them. Therefore, the most acceptable option is the second one (b) and 
the cyanobacteria are probably free-living epilichenic or endolichenic cyanobacteria. It has been 
reported that apart from symbiotic association between mycobionts and cyanobionts in lichens, some 
non-cyanolichens form ephemeral associations with free-living cyanobacteria (Rikkinen, 2013). The 
result obtained in this study strengthen the idea that some Usnea species might belong to those types 
of lichens that use free-living cyanobacteria as the source of nitrogen-fixation through a short-term 
association. Presence of accessory epilichenic algae or free-living algae in cracks or cavities within the 
thallus have also been reported (Helms et al., 2001; Honegger, 2009). These observations all confirm 
that algae and cyanobacteria within lichen thalli are not all necessarily the photobionts in symbiotic 
association with the mycobionts. 
The result of light microscopy investigation was in agreement with the result of tRNALeu Intron markers 
examination in this study and no Nostoc-like structure, as the most common lichen cyanobiont, was 
observed within Usnea samples. Autofluorescence not only confirmed that the observed branching 
cyanobacteria-like microorganisms were not cyanobacteria but it did not show any other signal of the 
presence of cyanobacteria in other parts of the samples.  
These cyanobacteria might be present at a very low density and therefore only detectable using 
molecular approaches (the size of samples used for DNA extraction was much greater than each 
microscopy section). The same issue was reported by Kim et al. (2006) when determining the diversity 
of cyanobacteria during algal blooms in Daechung Reservoir. Molecular approaches confirmed the 
presence of cyanobacteria from the genera Aphanizomenon and Anabaena but none of them were 
observed by microscopic analysis. It was suggested that this might be caused by the different sizes of 
the samples used for DNA extraction and microscopic study. The very small size of the cyanobacteria 
and their location within the thallus (e.g. within the medulla and among the algal cells) might be some 
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reasons that cyanobacteria were not detected during the autofluorescence test in this study; however, 
there is no similar report in the literature to support this hypothesis. 
Although the result of investigations in this study showed that those cyanobacteria-like organisms 
were not detected as cyanobacteria but this study raised the question as to what other organisms 
associated with Usnea. The preliminary microscopic screening suggested that the cyanobacteria-like 
microorganisms are epiphytic fungi growing on the surface of Usnea thalli. By looking at the literature 
related to the non-cyanobacterial organisms which look like cyanobacteria and isolated from lichens, 
these detected organisms in this study were morphologically very similar to species of the genus 
Elasticomyces isolated from lichen thalli in Antarctica by Selbmann et al. (2008). However, further 
studies are required for an exact identification of these microorganisms and their possible roles in the 
lichen symbiosis. The presence of these sorts of microorganisms reminds us that lichen thalli are not 
just a simple mutualistic symbiosis between a mycobiont and its photosynthetic partners, but, like 
most organisms, they are a complex biological community. 
5.5 Conclusion 
To my knowledge this is the first study to investigate the diversity and abundance of photobionts in 
New Zealand lichens in the genus Usnea. The results of this study confirmed that Trebouxia is the algal 
photobiont of Usnea spp. in New Zealand and established the presence of some species such as T. 
jamessi, T. brindabellae, and T. australis. However, these molecular identifications were based on the 
sequences deposited into GenBank by other researchers. Although only those sequences with 
published sources were used in this study, but the risk of misidentification of GenBank deposited 
sequences is always present. The phylogenetic position of these photobionts was also revealed and 
this can be used for further analysis such as investigating the patterns of association (see Chapter 6). 
This study also showed evidence for the presence of cyanobacteria in some Usnea thalli, but it did not 
identify them as the common cyanobionts associated with lichens and suggested that those cells are 
epylichenic/endolichenic free-living cyanobacteria. This finding shows the importance of studying 
lichens as biological communities rather than simple mycobiont-photobiont symbioses. Photobiont 
culture experiments are also suggested along with molecular and microscopy studies to examine the 
presence of multiple photobionts in lichen thalli (Fontaine et al., 2012; Friedl and Budel, 2008). Hence, 
based on the results obtained in this study, an in vitro culture experiment for isolating and culturing 
photobionts and cyanobacteria was conducted and this is presented in Chapter 7. 
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Chapter 6 
Patterns of Codiversification in the Genus Usnea 
 
 
 
 
6.1 Introduction 
In studying symbiotic organisms we can attempt to understand the processes that drive the nature of 
the association between partners (Yahr et al., 2006) because this is a way of assessing the relative 
roles of evolutionary and ecological processes in driving patterns in the distribution and abundance of 
organisms. Lichens, originally thought to be plants, are now recognised to be a symbiosis between a 
fungal mycobiont and at least one photobiont (Schwendener, 1867). The multiple interacting factors 
that shape the association are poorly studied in most lichen species (Yahr et al., 2006). Effect of 
environment and habitat on each symbiont, availability of both mycobiont and photobiont partners, 
and levels of specificity and selectivity between symbionts should be considered to answer ecological 
questions about lichens. The effects of these patterns of association are not only intra-thallus 
interactions, but they also influence the spatial distribution of lichens (Cornejo and Scheidegger, 
2009).  
Recently, molecular approaches have been employed to assist researchers in studying the patterns of 
association in lichens. Mycobiont and photobiont DNA sequences are generated to measure the level 
of congruence between the phylogenies of the associated partners. For example by using these 
methods, Yahr et al. (2004) showed a strong fungal specificity for algal photobionts in Florida scrub 
Cladonia lichens while Yahr et al. (2006) revealed that there was no clear association between 
mycobiont and photobiont genotypes and photobiont availability did not limit lichenisation at a 
smaller taxonomic scale, species level, by analysis of molecular variation and partial Mantel tests on 
87 samples of Cladonia subtenuis from 11 sites.  
Evidence of codiversification and presence of high levels of congruence between phylogenies cannot 
be simply explained as coevolution (Weber and Agrawal, 2012). Hence, results obtained in such 
studies should be discussed carefully. However, there is a disagreement about coevolution events in 
the lichen symbiosis among lichenologists (Ahmadjian, 1987; Hill, 2009). Some researchers proposed 
that the nature of the lichen symbiosis does not allow it to be a good model system for coevolution 
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because they believe that the adaptation capacity of photosynthetic partner to lichenisation is 
significantly limited (Hill, 2009). However, these reasons are not thought to be sufficient for rejecting 
the hypothesis of coevolution in lichens because speciation events have been reported for asexual 
organisms such as rotifers (Fontaneto et al., 2007) and some strong signals of cospeciation have been 
reported in lichens such as Cladonia macrophyllodes and C. pocillum (Beiggi, 2006; Beiggi and Piercey-
Normore, 2007).  
Important interacting factors affecting codiversification in lichens are (1) specificity and selectivity of 
the symbiont partners, (2) lichen reproduction and (3) the environmental preferences and tolerances 
of the symbionts.  Significant spatial structure in the association patterns in lichens can result from 
the mycobiont partners preferentially forming associations with particular photobionts that have 
specific environmental tolerances (Domaschke et al., 2012; Ruprecht et al., 2012) or other restricted 
spatial distributions (Marini et al., 2011). Similarly, where lichens reproduce vegetatively by 
fragmentation or other modes of asexual reproduction, the vertical transmission of the photobiont 
from parent lichen to its offspring can cause a codiversification pattern (Fernandez-Mendoza et al., 
2011; Werth and Scheidegger, 2012). 
Before conducting this present study, co-diversification had not been investigated in the genus Usnea 
and it was only known that the Usnea mycobiont had a very high level of specificity towards algal 
photobionts from the genus Trebouxia. The objectives of this study were to (1) describe the co-
diversification patterns in the genus Usnea in New Zealand and (2) assess the effect of the spatial scale 
of sampling on these patterns. To achieve these objectives, I used geographically-referenced 
molecular data for both the fungal and algal partners of the Usnea specimens used in this study.  
6.2 Material and methods 
6.2.1 Samples and datasets 
The specimens used in the phylogenetic studies of the Usnea mycobionts (Chapter 4) and Trebouxia 
photobionts (Chapter 5) were used in this analysis by splitting them into three independent datasets 
at different spatial scales: namely Flock Hill (less than 2 km2), Craigieburn (less than 450 km2), and New 
Zealand (approximately 268,680 km2). To create the Flock Hill and Craigieburn datasets, a number of 
specimens collected from these two sites (66 and 36 specimens, respectively) were selected to cover 
a range of Usnea associations.  For the New Zealand dataset, first, the specimens collected from Flock 
Hill and Craigieburn locations were removed so these data did not overlap at all with the other two 
datasets and then specimens with high morphological similarity that had been collected at the same 
site were reduced so that only one morphotype per site was included. Therefore, this dataset 
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consisted of 111 Usnea specimens collected from 43 sites. The trimmed ITS rDNA sequences for each 
dataset were separately aligned and Bayesian phylogenetic trees were constructed for both the 
mycobiont and photobiont using the protocols described in section 4.2.2.3.  
6.2.2 Visualising the codiversification patterns and their spatial variation 
The program TreeMap 3 (Charleston and Robertson, 2002), which is commonly used for investigating 
the level of codiversification between host-parasite symbionts, was used in this study to visualise the 
congruence between the mycobiont and photobiont phylogenetic trees. To do this, a datasheet 
containing the association between the photobionts and mycobionts was prepared and was uploaded 
into the software along with the phylogenetic trees. The appropriate phylogenetic tree for use in 
TreeMap 3 is one without branch lengths. Therefore, the lengths of branches were removed using the 
program PAUP 4.0 (Swofford, 2003) before uploading the trees into the software. To visualise these 
phylogenetic patterns in a spatial context, the GenGIS program (Parks et al., 2009) was used. To do 
this, digital maps of New Zealand, Craigieburn Forest Park and the Flock Hill site, the collection location 
coordinate data (latitudes and longitudes), and the phylogenetic trees were uploaded into the 
software to visualise the clustering of sampling sites based on their phylogenetic similarity.  
6.2.3 Statistical analysis of the co-diversification patterns  
The co-diversification patterns were investigated by testing the congruence between mycobiont and 
photobiont phylogenetic structures at all three spatial scales (Flock Hill, Craigieburn, and New Zealand) 
using PACo (Procrustean Approach to Cophylogeny) (Balbuena et al., 2013) in the statistical software 
R (R Core Team). This procedure performs a principal components analysis on the algal genetic 
distance matrix followed by a Procrustes rotation of the fungal genetic distance matrix retaining the 
information that algae and fungi are paired in particular lichen specimens (Balbuena et al., 2013).  A 
“sums of squares” value is calculated, which represents the lack of fit of the fungal genetic distance 
matrix onto the principal component analysis result for the algal genetic distance matrix (Balbuena et 
al., 2013).  The algal-fungal pairing matrix, i.e., which alga is paired with which fungus, is then 
randomised 10,000 times and the sums of square values are recalculated.  The observed sums of 
squares value is then compared to the distribution of 10,000 values from the randomisations to 
determine the probability of obtaining the observed result under random expectation (Balbuena et 
al., 2013). This analysis was repeated using the fungal matrix in place of the algal matrix to determine 
if the fit of the fungal phylogeny to the algal phylogeny was different than the fit of the algal phylogeny 
to the fungal phylogeny.  
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For each of the three datasets, the aligned DNA sequences were used to calculate a genetic distance 
matrix from the raw distances using a simple p-distance (Paradis et al., 2004).  These distance matrices 
were used in a combined analysis using Moran’s eigenvector mapping and variance partitioning 
(following Borcard et al. (2011), pp 258).  This analysis was used to describe and partition the variation 
in algal genetic distances between (a) the fungal genetic distance matrix and (b) a matrix of spatial 
variables.  The spatial variables were derived using the Moran’s eigenvector maps (MEMs) procedure 
(Borcard et al., 2011) implemented using the ‘pcnm’ function in the R package vegan, which uses a 
principal coordinates analysis to represent different scales of spatial variation for the set of sample 
locations (Borcard et al., 2011). The selected MEMs were those that were significantly related to the 
algal distance matrix in a distance-based RDA and forward selection procedure using the ‘capscale’ 
and ‘ordi2step’ functions in the vegan package (Oksanen et al., 2013).  Variance partitioning 
calculations were conducted following procedures outlined in Borcard et al. (2011). The function 
performs an RDA ordination that seeks a series of linear combinations of the explanatory factors that 
best describe variation in the response matrix, constrained by the two explanatory matrices (Borcard 
et al., 2011).  The variance partitioning procedure computes R2 canonical values analogous to the 
adjusted R2 values produced in multiple regression (Peres-Neto et al., 2006).  The analysis indicates 
how much total variation in the response matrix (e.g. algal genetic distance) is explained by each of 
the explanatory matrices alone, as well as the component of shared variation, i.e. spatially structured 
variation in fungal genetic distances.  This analysis was also performed using the fungal genetic 
distance matrix as the dependent matrix and the algal genetic distance matrix as the explanatory 
matrix to allow comparison of the degree of spatial correlation in each of the matrices. 
6.3 Results 
6.3.1 Visualising the cophylogenetic and the effect of geographical variation 
phylogenetic structure 
TreeMap diagrams revealed some signals of codivergence at all three spatial scales (Flock Hill, 
Craigieburn, and New Zealand), although it appears to be more obvious at the larger spatial scales 
than the smaller one (Figure 6.1). The geographic distributions of the Usnea mycobiont and the 
Trebouxia photobiont phylogenies shown in Figure 6.2, 6.3, and 6.4 revealed some signals that 
phylogenetic structures of symbionts have been effected by spatial pattern. The visualization in Figure 
6.4 indicates that phylogenetically similar specimens are mostly found in both islands; however, the 
effect of geography on phylogenetic structure is obvious in both mycobiont and photobiont trees 
because most of the specimens from the North Island (green colour) form separated clades from the 
ones from South Island (brown colour). For example, several of photobionts associated with Usnea 
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lichens collected from the Auckland region form a distinct algal clade on the photobiont phylogenetic 
tree (Figure 6.4).  
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Figure 6.1 Usnea mycobiont and photobiont cophylogenetic structure at three spatial scales: a) Flock Hill (66 specimens), b) Craigieburn (36 specimens), 
and c) New Zealand (111 specimens). The mycobiont phylogenetic trees are in blue (left side) and the photobiont phylogenetic trees are in 
yellow (right side). Associations between symbionts are shown using grey linking lines between mycobiont and photobiont trees.
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Figure 6.2 Two-dimensional Usnea mycobiont (left) and photobiont (right) phylogenetic trees 
displayed on a map of New Zealand as well as the sample collection site for Flock Hill 
dataset containing 66 specimens (inset). 
 
 
 
 
Figure 6.3 Two-dimensional Usnea mycobiont (left) and photobiont (right) phylogenetic trees 
displayed on a map of New Zealand as well as the sample collection site for Craigieburn 
dataset containing 36 specimens (inset). 
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 Figure 6.4 Two-dimensional Usnea mycobiont (left) and photobiont (right) phylogenetic trees 
displayed on a map of New Zealand as well as the sample collection sites for New 
Zealand dataset containing 111 specimens (inset). The phylogenetic trees show 
branches highlighted in green indicating specimens from the North Island and in brown 
indicating specimens from the South Island. 
 
6.3.2 Statistical analysis of the codiversification patterns 
The result of statistical analysis using the PACo approach revealed that the pattern of co-diversification 
for the genus Usnea lichens observed at all three spatial scales (Flock Hill, Craigieburn, and whole New 
Zealand) examined in this study was statistically significantly different from random expectation (Table 
6.1). Variance partitioning showed that in all three cases, a large amount of variation in algal genetic 
distance was explained by fungal genetic variation and vice versa (Figure 6.5). Unsurprisingly, the least 
variation explained and the lowest spatial component was at the smallest spatial scale and the amount 
of genetic variation explained by space increased at the largest spatial scale (Figure 6.5). For the 
specimens from Craigieburn Forest, the mycobionts showed spatial structure, whereas the 
photobionts did not (Figure 6.5).  
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Table 6.1 Sums of squares and associated  P-value from a test randomising the association matrix 
for mycobionts and photobionts using Procrustes Application of Cophylogenetic 
Analysis (PACo).  
Dependent matrix Dataset No. of specimens Sums of squares P-value 
 
Photobiont 
New Zealand 111 0.095 < 0.001 
Craigieburn 36 0.020 0.021 
Flock Hill 66 0.055 0.030 
 
Mycobiont 
New Zealand 111 0.358 < 0.001 
Craigieburn 36 0.051 0.024 
Flock Hill 66 0.053 0.022 
 
 
Figure 6.5 Variance partitioning of genetic variation by partner genetic variation and spatial 
variables for datasets at three spatial scales: New Zealand, Craigieburn, and Flock Hill. 
Left: algal genetic variance as a function of fungal genetic variance and spatial variation; 
Right: fungal genetic variance as a function of algal genetic variance and spatial 
variation.  
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6.4 Discussion 
Strong patterns of codiversification within the genus Usnea in New Zealand were revealed at spatial 
extents from less than 2 km2 (Flock Hill) to 268,680 km2 (New Zealand). This study is the first 
examination of geographic variation in the genetics of both Usnea mycobionts and their associated 
Trebouxia photobionts. In many cophylogenetic studies, only the evolutionary dependence of one the 
associated organisms on the other one has been investigated. For example, the evolutionary 
dependence of Physciacean mycobionts on their associated photobionts was investigated by (Helms, 
2003b). However, the present study assessed the effects of both the mycobiont and photobiont 
phylogenies on each other showing the slightly different responses of the two partners. Furthermore, 
this study used a larger number of sequences and more spatial scales than other studies that have 
looked at the effects of spatial scale on codiversification patterns. For example, 101 algal ITS rDNA 
sequences were used by Nyati et al. (2014) for investigation at the family scale and a greater spatial 
scale (four continents).  
Although there has been no similar study carried out in the genus of Usnea to compare the result of 
this study with, patterns of codiversification have been reported in the genus Letharia (Kroken and 
Taylor, 2000). A strong cophylogenetic signal was also observed between mycobionts and photobionts 
in the genus Cladonia in Florida scrub (Yahr et al., 2004). However, most cophylogenetic studies in 
lichens are not at the generic level and are often carried out at a species level (e.g. at species level for 
Peltigera aphthosa (Paulsrud et al., 2001) or for habitat and morphology based groups of lichens (e.g. 
for epiphytic lichens in old growth boreal forest  (Myllys et al., 2007)). There are a few studies that 
have targeted some of the species of one particular genus. For example, Summerfield and Eaton‐Rye 
(2006) did not find any codiversification signals between the mycobionts of three species, namely 
Pseudocyphellaria crocata, P. neglecta, and P. perperua, and the cyanobacterial photobionts 
associated with them. In comparison to the wide range of lichen patterns in the literature from weak 
to strong codiversification signal, the results of this study place the New Zealand specimens of the 
genus Usnea lichen among those taxa exhibiting strong patterns of codiversification.    
In the present study, patterns of codiversification were investigated at three different spatial scales to 
test the effect of spatial extent on patterns of codiversification. In contrast, most other studies in the 
literature have been conducted at only one spatial scale. For example, strong specificity and selectivity 
of mycobionts towards their photobionts in the genus Cladonia were only reported for the lichens in 
Florida scrub by Yahr et al. (2004) and the results presented in this study suggest that such patterns of 
association might change if they were investigated in a different spatial scale.  
Increasing spatial scale affected the codiversification pattern and also increased the amount of 
variation explained by spatial variables. Increasing spatial scale represents an increase in genetic 
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diversity as more taxa are captured with a wider spatial extent of sampling (Honegger, 2001). However, 
in addition, a greater spatial extent also encompasses a greater number of habitat types and the 
degree of isolation, both of which are known to be important for lichen occurrence (Buckley, 2011; 
Dent et al., 2013) and photobiont occurrence (Marini et al., 2011). Such processes are therefore 
potentially important drivers of the observed co-diversification patterns. For instance, Figure 6.6 
illustrates how increasing the spatial scale of sampling can change the co-diversification pattern for a 
given mycobiont taxon. In this figure, an imaginary lichen genus containing three species (A, B, and C) 
is shown. Each mycobiont has a different level of specificity towards its photobiont partners. The 
absence of some species of mycobiont and photobiont at the smaller spatial scale (1) means that the 
pattern depends on the spatial and taxonomic scales of sampling. Extending the spatial scale (1 to 2) 
reveals the level of codiversification for this genus. 
 
Figure 6.6 Level of specificity of mycobionts for photobionts sampled at two different spatial scales 
for an imaginary lichen genus containing three species (A, B, and C). Increasing the 
spatial extent from 1 to 2 adds more mycobiont and photobiont diversity and therefore 
changes the measured level of specificity. 
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Apart from the effect of symbiont diversity, a higher level of congruence between the genetic structure 
of mycobiont and photobiont partners is expected at a small spatial scale based on co-dispersal for a 
particular species of lichen. This expectation has been studied and confirmed for Lobaria pulmonaria 
(Werth and Scheidegger, 2012). Therefore, level of congruence between the genetic structures of the 
associated mycobionts and photobionts is expected to be reduced by extending the spatial scale to a 
degree that exceeds the co-dispersal limit (Werth and Scheidegger, 2012). However, this effect is not 
likely to be the case when considering codiversification at the generic level as in this study because 
extending the spatial scale adds new species, with variable patterns of association, into the study.  
Although that variance partitioning showed that both algal and fungal ITS genetic variation was mainly 
structured by their partner genetic distances, the effect of space was also observed in all datasets. The 
effect of space on photobiont genetic variation was lower compared to the effect on mycobiont 
genetic variation. There are two possible reasons for this. First, most studies of symbiont specificity 
have focused on the specificity of mycobionts towards photobionts rather than specificity of 
photobionts towards their mycobionts. This view may come from the theory that mycobionts exhibit 
a greater signal of specificity towards their partner in contrast to photobionts (Beck et al., 2002; Myllys 
et al., 2007; O'Brien, 2006; Otálora et al., 2010a). For example, (Doering and Piercey-Normore, 2009) 
showed Evernia mesomorpha mycobionts were only associated with Trebouxia jamesii, even though 
T. jamesii was the photobiont in other lichen species such as Parmelia sulcata, Usnea lapponica, and 
U. filipendula. Based on this general view, the effect of fungal genetic distance on algal phylogenetic 
structure is expected to be more than the effect of algal genetic distance on fungal phylogenetic 
structure. Therefore, the proportion of algal genetic variance explained by fungal genetic variation will 
be larger than the reverse situation. Therefore, it is concluded that many species of Trebouxia are able 
to be partner with a wide range of Usnea mycobionts, whereas Usnea mycobionts only accept certain 
species of Trebouxia photobionts. 
Second, in lichens, short-distance dispersal is thought to be one of the consequences of asexual 
reproduction, and sexual reproduction is thought to allow long-distance dispersal (Heinken, 1999; 
Walser, 2004). The long-distance dispersal of spores and single cells seems to be easier than the 
dispersal of the vegetative fragments (Heinken, 1999; Walser, 2004). However, it has been also 
observed that photobionts from a vegetative thallus fragment can easily escape. For example, the 
vegetative reproductive structure, the soredium, plays a significant role in short-distance dispersing 
the algal photobiont of many different species of epiphytic lichens (Doering and Piercey-Normore, 
2009). Although both sexual and asexual reproduction systems have been reported for Usnea spp., the 
majority of Usnea spp. reproduce vegetatively (Clerc, 1998). Therefore, mycobionts are dispersing as 
small fragments, which is thought to limit their dispersal distance (Walser, 2004). In contrast, the 
photobionts escape as single cells from the main thallus (Dal Grande et al., 2012; Lücking et al., 2009) 
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and thus should be able to disperse greater distances, similarly to free-living non-lichenised algae and 
cyanobacteria. Escaped photobiont cells are lighter and smaller than a lichen fragment. Therefore, it 
is possible that the photobiont cells discharged from Usnea thalli are readily available in a variety of 
sites. 
Increasing the spatial extent of sampling also increases the variety of habitats encountered. The 
samples used in this research project for forming the New Zealand dataset were collected from a range 
of different habitats, from coastline to mountain and from grassland to forest, to give a representative 
sample for assessing the patterns of codiversification in the genus Usnea in New Zealand. In terms of 
spatial extent, increasing the scale is expected to increase the variety of environmental conditions as 
well as diversity of symbionts. These sorts of effects are part of the spatial effect on symbiont genetic 
variance. Therefore, the effect of space on phylogenetic structure of partners is expected to be lower 
at small spatial scales compared to the larger one. However, small scale variation in habitat conditions 
within a small study site could increase the influence of space on codiversification patterns 
dramatically. This fact was observed in the present study. Effect of space on phylogenetic structure of 
both Usnea mycobiont and photobiont at Flock Hill site (small spatial scale) was less than for the New 
Zealand dataset. Meanwhile, the effect of space on phylogenetic structure at Craigieburn, which is a 
much smaller spatial scale than New Zealand, but larger than Flock Hill, was much greater than that 
observed at Flock Hill. The main reason is likely to be the dramatic altitude change in different points 
of Craigieburn site. Usnea lichen diversity was observed to vary in different parts of Craigieburn Forest. 
For example, U. ciliifera, which was common at beginning of the Broken River Skifield road, was absent 
in some other parts at higher altitudes. Even microhabitat variation at a tree level has been shown to 
affect Usnea lichen distribution (Dent et al., 2013). Although the mycobiont structures the lichen 
thallus provide a superior habitat for the photobiont, and has even been described as a “growth 
chamber” by Blaha et al. (2006), the effect of environmental factors should not be disregarded. There 
is a lack of information on the effect of habitat on the diversity of lichen photobionts, whereas several 
studies have confirmed habitat-diversity relationships in free living algae (Frame et al., 2007; Thrush 
et al., 2011). At a worldwide scale, Nash III et al. (1987) showed that Trebouxia photobionts seem to 
have a higher level of drought tolerance compared to Trentepohlia spp., because they were observed 
to be the photobiont associated with lichens from cold regions more often than were Trentepohlia 
photobionts. However, the effects of environmental and ecological conditions on photobiont diversity 
have been reported (Vargas Castillo and Beck, 2012) and it is speculated that the availability of some 
photobionts may be limited by extreme habitats (Doering and Piercey-Normore, 2009). For example, 
the photobionts associated with the lichen Cetraria aculeata were studied by Fernandez-Mendoza et 
al. (2011) and they observed a significant effect of temperate and polar regions on the genetic variance 
of photobiont. On the other hand, in some studies, the effect of environmental conditions on patterns 
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of distribution of photobionts was shown to be insignificant. For example, Trebouxia genotypes 
associated with Teloschistaceae were not related to environmental conditions or geographical location 
(Nyati et al., 2014).   
The available information about the biogeography of the genus Usnea in the literature is mostly based 
on phenotypic characters and photobionts have largely been ignored. It is unfortunate that generally 
the biogeography of lichen symbionts is not well-studied (Fernandez-Mendoza et al., 2011; Werth, 
2011). The Flora of New Zealand Lichens (Galloway, 2007) indicates that 14 out of 28 reported species 
of Usnea occur only in the North Island (U. angulata, U. nidifica, U. subeciliata, U. trichodeoides, U. 
wirthii) or only in the South Island (U. antarctica, U. baileyi, U. maculate, U. pseudocapillaris, U. 
rubrotincta, U. simplex, U. sphacelata, U. torulosa, and U. undulate). This is consistent with the 
geographic structure observed in the mycobiont phylogenetic data in this study (Figure 6.4). For 
example, the specimens in U. nidifica clade in this study were collected from the North Island. 
However, some under-sampling may have affected the geographic variation observed in this study. For 
example, all specimens of U. ciliata were from the South Island even though this species is also known 
from the North Island (Galloway, 2007). Until now, no biogeographic data have been available for 
Trebouxia photobionts associated with Usnea lichens in New Zealand. Trebouxia photobiont 
biogeography was studied in other parts of the world at different spatial extents. At a greater spatial 
extent compared to this present study, Kroken and Taylor (2000) studied Trebouxia photobionts 
associated with mycobionts of the genus Letharia collected from different sites in North America, 
Sweden, and Italy. The results of their study showed the effect of geography on phylogenetic structure 
of Trebouxia because three distinct clades of Trebouxia were only associated with the specimens of 
Letharia barbata and L. lucida collected from California. However, there were also samples of L. 
barbata and L. lucida collected from other sites which were associated with different Trebouxia 
species. In another study by Muggia et al. (2008), genetic diversity of Trebouxia photobionts associated 
with selected taxa of the lichen Tephromela atra group was studied at two spatial scales: small scale 
in Mt. Amiata, Central Italy (25 km2) and large scale including several sites from Italy, Greece, and 
Austria. No pattern of biogeography was observed in the algal phylogenetic tree at the small spatial 
scales while two distinct lineages of Trebouxia were formed only from the photobionts associated with 
the species from the Mediterranean region at the larger spatial scale.  The effect of geographical 
location on patterns of distribution of Trebouxia photobiont genotypes at the family level was also 
investigated by Nyati et al. (Nyati et al., 2014). Photobionts associated with 22 species from the genera 
Xanthoria, Xanthomendoza, Teloschistes, and Josefpoeltia (the family Teloschistaceae), which were 
collected from four continents, were studied. The authors showed that there was only a weak 
relationship between the geographic location and the patterns in the distribution of the examined 
photbionts.  
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Recording the reproductive structures of the Usnea specimens in this research project (Chapter 4) 
revealed that the majority of the specimens possessed asexual reproductive structures and that 
apothecia were observed only in few samples. Therefore, asexual reproduction appears to be the 
dominant mode of reproduction in New Zealand Usnea which is in agreement with Galloway (2007). 
This suggests that in most cases the same symbionts from the parental thallus are those that form new 
lichen thalli (vertical transmission). This mechanism is likely to be one of the key factors increasing the 
level of phylogenetic congruence in Usnea lichens. However, Nelsen and Gargas (2009) showed that 
the expectation that co-dispersal enhances the congruence between phylogenies of symbionts may 
not be always true in nature. In their study, no significant correlation was observed between the 
genetic distances of symbionts of Thamnolia vermicularis lichen, a species that frequently reproduces 
by fragmentation. 
Morphological identification of Usnea lichens to the species level is difficult (Clerc, 1998) and therefore 
it was not possible to identify all the specimens used in this study based on morphology to use equal 
numbers of each species as samples. In addition, this study did not include specimens from all the 
previously recorded species of Usnea in New Zealand. For example, U. acromelana, U. antarctica, U. 
baileyi, U. sphacelata, and U. trichodeoides were not present according to the analysis of the ITS rDNA 
sequences presented in Chapter 4. Therefore, it is expected that sampling had an influence on the 
result of codiversification in this study but quantifying this effect is not possible with the given data 
and the result obtained here should not be considered as representative of all species of Usnea in New 
Zealand. Given the sampling regime employed here, this study shows that when considering the 
smallest spatial scale where only a few Usnea (three or less) species were likely to have been present, 
and the measured patterns of codiversification was almost at the species level, the same strong 
codiversification pattern was observed as was observed at the larger spatial and taxonomic scales.  
6.5 Conclusion 
This study is the first of its kind to investigate codiversification in the genus Usnea and the first use of 
the PACo approach for cophylogenetic analysis in lichens. It is also the first time that an examination 
of the geographic variation in the genetics of both Usnea mycobionts and their associated photobionts 
have showed some geographical effects on the phylogenetic structures of both symbionts. This study 
was one of the few reported studies which considered the effect of spatial extent on codiversification 
of lichen symbionts. The results of this study revealed that there is a strong pattern of codiversification 
for the genus Usnea in New Zealand and that this pattern is strongly affected by the spatial scale of 
sampling. The impact of spatial scale is likely to be due to the availability of symbionts and their variable 
habitat preferences. This effect was more prominent for the genetic variation in the fungal mycobiont 
than algal photobiont.  
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Chapter 7 
In Vitro Culture 
 
 
 
 
7.1 Introduction 
The lichen-forming Usnea fungi have never been observed to be free-living in nature; there are only a 
few reports of free-living lichen-forming fungi such as the report by Wedin et al. (2004) who observed 
some free-living fungal species of the genus Conotrema (Otálora et al., 2010b). Although the 
specialised lichen photobionts in the green algal genus Trebouxia have been reported a few times as 
free-living cells in nature (Bubrick et al., 1984; Tschermak-Woess, 1978), Ahmadjian (1988) believes 
that those few observed Trebouxia cells were most probably released from vegetative propagules or 
lichen thallus fragments, and that free-living Trebouxia does not exist. Friedl and Budel (2008) also 
state that those observed small colonies of Trebouxia are likely to have been released from damaged 
lichen thalli. This suggests that obtaining free-living mycobionts and photobionts from nature for use 
in biological studies of Usnea is impossible.  
Many valuable studies of the lichenisation process (Trembley et al., 2002) and of lichen symbiont 
identification and taxonomy (Friedl and Budel, 2008) can be carried out to understand the lichen 
symbiosis when free-living cells of both the mycobiont and photobiont are available. For example, pure 
fungal and algal DNA can be isolated by having pure axenic cultures of mycobiont and photobiont for 
a variety of biological studies, such as the establishment of specific markers (Mansournia et al., 2012) 
or gene expression studies (Joneson et al., 2011).   
The aim of this study was to isolate the symbionts of Usnea lichens, Usnea and Trebouxia, and to 
produce axenic cultures from them. This involved both optimising the symbiont isolation conditions 
and investigating the biodiversity of endolichenic microorganisms living within Usnea thalli. Further, I 
addressed three objectives. First, to study the morphology of the free-living symbionts and to compare 
it to their within-lichen morphology. Second, to establish an in vitro re-establishment protocol for New 
Zealand Usnea spp., which can be used as a potential method for testing patterns of association in 
Usnea lichens. 
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7.2 Materials and Methods 
7.2.1 Optimisation of in vitro culture of Usnea mycobionts and photobionts and the 
identification of Usnea spp. endolichenic microorganisms    
7.2.1.1 Lichen materials 
This experiment was carried out using both dried and fresh samples to isolate mycobionts and algal 
photobionts. The five dried Usnea specimens used in this study (14a, 28, 29, 81a, and 87) were 
collected from Flock Hill, South Island, New Zealand one year before the study was conducted. The 
thirteen fresh Usnea specimens used in this study (201, 202, 203, 204, 205, 206, 207, 208, 401, 402, 
406, LU1, and LU2) were collected from Craigieburn National Park, Arthur’s pass, and the Lincoln 
University campus and were used within three days of sampling (preliminary identification to genus 
level had been done using morphological characters). A further five specimens (250, 256, 265, LU1, 
and LU2) for which prior molecular analysis (5.3.3.1) had confirmed the presence of cyanobacteria 
within their thalli were selected to isolate and culture cyanobacteria.  
7.2.1.2 Surface sterilisation 
The surface sterilisation protocol was adapted from the process previously used for DNA extraction 
(3.2.2) and modified to minimise the risk of contamination.  Portions of thalli, 1-2 cm long, were placed 
in universal bottles under running tap water for 30 min after adding six to seven drops of Tween 80 
(BDH Chemicals Ltd, England) directly to the thalli and sealing with cheesecloth. Under sterile 
conditions each thallus was immersed in 1% sodium hypochlorite solution (20%, v/v commercial bleach 
(Janola, New Zealand)) for 20 s followed by rinsing in sterile water (20 ml for 10 s), then immersed in 
70% v/v ethanol for 10 s followed by rinsing in sterile water (20 ml for 10 s) and finally immersed again 
in 1% sodium hypochlorite solution for 10 s before rinsing three times with sterile water (20 ml and 
each time for 10 s). All samples were air dried under sterile condition in a laminar air flow cabinet 
(Airpure from Westinghouse Pty Ltd, USA) for an immediate use.    
7.2.1.3 Growth media 
Three different growth media; Lilly and Barnett (LB) medium (Lilly and Barnett, 1951), Malt-Yeast 
Extract (MYE) medium (Ahmadjian, 1967), and 4% Water Agar (4% WA) medium (Pyatt, 1973) were 
used as the mycobiont growth media in this study (Table 7.1). Except the 4%WA the rest of media were 
prepared in two forms, broth and solid (agar). Broth media (15 ml) were placed into 25 ml universal 
bottles while the solid (agar) media (15 ml) were placed in 90 × 14 mm disposable petri dishes. The 
recipes for mycobiont growth media are provided at Appendix C.1.   
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Table 7.1 The three mycobiont growth media used for isolating the mycobiont from Usnea spp. 
No Name of Medium Type of Medium 
1 Lilly and Barnett (LB) Broth and Agar 
2 Malt-Yeast Extract (MYE) Broth and Agar 
3 4% Water Agar (4% WA) Agar 
 
Two types of growth media; Bold’s Basal (BB) medium (Deason and Bold, 1960) and Trebouxia Organic 
Nutrient (TON) medium (Ahmadjian, 1967) were used for isolating and culturing the algal photobionts 
from Usnea lichens.  An antimicrobial cocktail containing Rose Bengal (30 mg/l), streptomycin sulphate 
(50 mg/l) and ampicillin (500 mg/l) was made as described by Li et al. (2007) and Kan and Pan (2010). 
Both types of the algal growth media, with and without the above mentioned antimicrobial cocktail, 
were prepared (Table 7.2). The recipes for photobiont growth media are provided in Appendix C.2.   
To isolate and culture cyanobacteria from specimens in which cyanobacteria in their thalli had been 
confirmed through molecular studies, Blue-Green (BG) 11 medium (Rippka et al., 1979) was used. This 
medium was prepared following a protocol obtained from the Culture Collection of Algae and Protozoa 
(CCAP), Dunstaffnage Marine Laboratory, UK (For the recipes of these cyanobacterial growth media 
see Appendix C.3). Both types of broth and solid (agar) media were prepared for algal and 
cyanobacterial growth media (Table 7.2). 
Table 7.2 The algal and cyanobacterial growth media used to isolate photobionts in this study. 
  Target Name of Medium Type of Medium 
 
 
Algal (Photobiont) 
Bold’s Basal (BB) Broth and Agar 
Trebouxia Organic Nutrient (TON) Broth and Agar 
BB + Antimicrobial cocktail* Broth and Agar 
TON + Antimicrobial cocktail* Broth and Agar 
Cyanobacteria Blue-Green (BG) 11 Broth and Agar 
*Antimicrobial cocktail (Rose Bengal (30 mg/l), streptomycin sulphate (50 mg/l) and ampicillin (500 
mg/l)) 
 
Based on the literature, mycobiont and photobiont growth media are commonly used for isolating 
endolichenic microorganisms (e.g. Harutyunyan et al. (2008)), therefore, it was expected that several 
endolichenic microorganisms would grow on the specific fungal and algal growth media used in this 
study. However, to investigate the culturable bacterial endolichenic diversity of Usnea spp. two 
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bacterial growth media, namely Yeast Mannitol Agar (YMA) and Nutrient Agar (NA), were also used in 
this study (the recipes obtained from Sigma-Aldrich (http://www.sigmaaldrich.com)).  
7.2.1.4 Culturing method and conditions  
The surface sterilised thalli were macerated and homogenized with 4 ml of sterile 0.85% saline using a 
sterilized glass stirring rod. The homogenized thalli solution (100 µl) was cultured on each mycobiont 
growth medium. Sterile 0.85% saline (100 µl) was cultured as a negative control to check for any 
environmental contamination. The cap of bottles and petri dishes were sealed using sealing film 
(Parafilm® M from American National Can, USA). The mycobiont and photobiont cultures were 
incubated at 15°C (Yoshimura et al., 2002) for fourteen weeks. Based on Kranner et al. (2005), the light 
intensity and photoperiod were adjusted to 15 µmol m-2 s-1 (PPFD) and 12:12 h respectively. The culture 
suspensions  (broth media) were shaken at 150 rpm during the incubation period (Wang et al., 2010a). 
7.2.1.5 Molecular identification of the cultured organisms 
DNA was extracted from fungi cultured in vitro using the same protocol that was used for isolating DNA 
from thalli in this research project (4.2.2.1); the ITS rDNA region was amplified by PCR and sequenced 
using the protocol described in section 4.2.2.1, and finally fungi were identified by matching the 
sequence with the GenBank dataset using the protocol described in section 4.2.2.2. Molecular 
identification of the algal cells was also carried out using the DNA extraction, DNA amplification, 
sequencing and BLAST search steps explained at section 5.2.2. For collecting algal cells, a sample of the 
culture solution (2 ml) was taken from the main culture under sterile conditions and poured into 2 ml 
micro-centrifuge tubes. The solution was centrifuged at 12000 rpm for 2 minutes. The supernatant 
was discarded and the algal cells were harvested for DNA extraction. For molecular identification of 
the cultured endolichenic bacteria, the bacterial colonies were picked up from the growth agar plates 
and the same methods of DNA extraction, PCR, sequencing, and sequence- similarity BLAST search that 
were used for the identification of cyanobacteria in this research study (5.2.4.1), were used. 
7.2.1.6 Experimental design  
The in vitro culture experiment to isolate and culture mycobionts and photobionts from Usnea 
specimens was carried out in a completely randomised design (CRD) and each of the lichen specimens 
was cultured in triplicate for each medium.  
7.2.2 Study of the structure of free-living isolates 
The structures of free-living isolates were monitored with the naked-eye as well as under a Nikon 
Eclipse E800 microscope (Nikon, Japan) and were compared with the structures of the symbionts in 
the natural lichen thallus. The photographs of the isolates were also taken using a MicroPublisher 5.0 
RTV camera (QImaging, China). 
 118 
7.2.3 Relichenisation 
7.2.3.1 Isolates 
In vitro relichenisation study was carried out using the axenic cultures of Usnea sp., Trebouxia sp., and 
Coccomyxa sp. obtained from the Study 7.2.1. Based on the results obtained in Study 7.2.1, Usnea and 
Trebouxia axenic cultures isolated from specimens LU2 and 402 and axenic culture of Coccomyxa sp. 
isolated from specimen 206 were selected for this experiment.  
7.2.3.2 In vitro culture media 
Based on the results obtained from the study described in section 7.2.1 for isolating mycobionts and 
photobionts from thalli, BB and LB media (broth type) were selected for the relichenisation 
experiment. The reason was that the study described in section 7.2.1 showed that these two media 
are the best for culturing both the Usnea mycobiont and the photobiont. Media preparation was as 
described in section 7.2.1.3.  
7.2.3.3 Culturing method and conditions  
The protocol used for the in vitro relichenisation was adopted, with slight modifications, from the 
report by Guzow-Krzeminska and Stocker-Worgotter (2013). Briefly, the structured Usnea mycelia (1-
2 cm2) collected from fourteen-week axenic cultures were macerated and homogenized with 1500 µl 
of sterile 0.85% saline using a sterilized glass stirring rod. The homogenized Usnea mycelia solution 
(100 µl) or 100 µl of the unstructured form of cultured Usnea collected from the axenic culture of LU2 
was added into each growth medium. Then, 50 µl of their compatible algal cells or Coccomyxa cells 
collected from the axenic cultures was added into each medium. Each of these isolates was also 
cultured separately in both media at the same volume as the mixtures to be compared with the 
relichenised cultures. Sterile 0.85% saline (100 µl) was cultured as a negative control to check for any 
environmental contamination. The cap of bottles were sealed using sealing film. The cultures were in 
universal bottles and incubated under the same conditions described in section 7.2.1.4 for three 
months. Table 7.3 shows the Usnea mycobionts and photobionts as well as Coccomyxa sp. used and 
their combination for relichenisation in this experiment. The growth of symbionts in the relichenisation 
culture was visually checked every week and light microscopy study was carried out for the 
relichenised structures after three months of culture. In addition to microscopy studies, the presence 
of Usnea mycobiont and Trebouxia mycobiont in the in vitro relichenised Usnea were tested by 
molecular analysis using specific algal and fungal ITS rRNA primers based on the protocols described 
in section 7.2.1.5. The in vitro relichenisation experiment was carried out in a completely randomised 
design (CRD) and each of the combinations was cultured in triplicate for each medium. The amount of 
material available limited the number of combinations used. 
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Table 7.3 In vitro relichenisation combinations.  
 
Alga Fungus 
Usnea sp. 402 Usnea sp. LU2 No fungus 
Trebouxia sp. 402 UT-402 - T-402 
Trebouxia sp. LU2 - UT-LU2 T-LU2 
Coccomyxa sp. 206 UC-402-206 UC-LU2-206 C-206 
No alga U-402 U-LU2 Control 
 
7.3 Results 
7.3.1 Optimisation of in vitro culture growth media to isolate and culture 
mycobionts and photobionts from Usnea spp. 
Table 7.4 shows the number of mycobiont (Usnea spp.) and photobiont (Trebouxia spp.) isolates grown 
on 14 different types of growth media in this study. Both mycobiont (12 isolates) and photobiont (6 
isolates) were successfully isolated and grown from different specimens of Usnea lichens. The broth 
types LB, BB, TON, and the cyanobacterial growth medium BG11 were shown to be suitable media for 
isolating and growing mycobionts from Usnea spp. The results showed that the broth type of LB, BB, 
and BG11 can be used for isolating Trebouxia photobionts from Usnea spp. in contrast to the specific 
Trebouxia growth medium (TON) on which no photobionts grew. No mycobiont or photobiont was 
isolated using the agar type of media employed in this study. Surprisingly, the highest number of 
isolated and grown Usnea mycobionts were obtained on an algal growth medium, namely, BB-Broth 
while LB-Broth as a specific fungal growth media was the best option for isolating and growing 
Trebouxia cells. Although BG11 medium was used in an attempt to isolate cyanobacteria from the 
lichen samples no cyanobacteria were isolated. BG11 was a suitable medium for isolating Usnea and 
Trebouxia.  The results also showed that application of antimicrobial cocktail into BB and TON media 
prevented the growth of both mycobiont and photobiont. No Usnea and Trebouxia isolates were 
isolated from the dry samples employed in this study. Table 7.4 only shows the result for axenic 
mycobiont and photobiont cultures; however, the growth of both Usnea sp. and Trebouxia sp. together 
in one growth media, as a thallus segment, was also observed in two cultures. The growth media for 
these two cultures was LB broth and BG11 broth. These two cultures were not considered to be axenic 
cultures of symbionts because both symbionts were grown together. Therefore, they were not 
included in Table 7.4.   
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Table 7.4 Usnea spp. and Trebouxia spp. isolated from Usnea lichens as mycobionts and 
photobionts using specific media in vitro. 
Medium Type Specimen 
(number of Usnea isolates) 
Specimen 
(number of Trebouxia isolates) 
Negative 
control 
LB Agar - - - 
Broth 204(1), LU1(2) 402(1), 203(1), LU1(2) - 
MYE 
 
Agar - - - 
Broth - - - 
4%WA Agar - - - 
 
BB 
Agar - - - 
Broth 202(1), 203(1), 205(1), 
402(1), 406(1), LU2(1) 
LU2(1) - 
BB+Ant 
 
Agar - - - 
Broth - - - 
TON 
 
Agar - - - 
Broth 207(1), 401(1) - - 
TON+ 
Ant 
Agar - - - 
Broth - - - 
BG11 Agar - - - 
Broth 250(1) 250(1) - 
LB: Lilly and Barnett medium; MYE: Malt-Yeast Extract medium; 4% WA: 4% Water Agar medium; BB: 
Bold’s Basal medium; TON: Trebouxia Organic Nutrient medium; Ant: antimicrobial cocktail (Rose 
Bengal (30 mg/l), streptomycin sulphate (50 mg/l) and ampicillin (500 mg/l)); BG11: Blue-Green 11 
medium. 
 
7.3.2 Other isolates from Usnea lichens 
In addition to the Usnea mycobiont and Trebouxia photobiont isolates, a variety of fungi, algae and 
bacteria were isolated from Usnea specimens and identified in this study. Molecular analysis of fungal 
ITS rRNA sequences showed that the 51 non-mycobiont fungi that were isolated belonged to nine 
different genera (Table 7.5). Most of these isolates belonged to the genus Xylaria (36 isolates), 
followed by Penicillium (5 isolates) and Taphrina (3 isolates). Xylaria spp. were isolated using all 
different types of media, except 4%WA, TON Agar, and TON Agar plus Antimicrobial Cocktail, and from 
all thirteen fresh employed specimens, except 201 and 401. No endolichenic fungus was isolated from 
dry material. No endolichenic fungi were isolated on 4% (w/v) tap water agar. Although a Xylaria isolate 
was grown in BG11 broth medium, the medium that was used to isolate cyanobacteria, no endolichenic 
fungus was isolated using the agar type of this medium. 
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Table 7.5 Endolichenic fungi isolated from Usnea spp. using different types of media. 
Medium Type Isolated Fungal endolichen (Specimen-number of isolates) 
LB Agar Annulohypoxylon sp. (205-1); Penicillium sp. (206-1); Xylaria sp. (203-1) 
Broth Biscogniauxia sp. (204-1); Nemania sp. (205-1); Xylaria sp. (203-1, 204-2, 206-
1, 208-1, 402-2, 406-1, LU1-1)  
MYE 
 
Agar Xylaria sp. (204-1) 
Broth Xylaria sp. (206-1, 208-2, 406-1) 
4%WA Agar - 
BB Agar Taphrina sp. (204-1, 205-1); Xylaria sp. (204-1, 208-1, 402-1) 
Broth Xylaria sp. (202-2, 204-1)  
BB+Ant 
 
Agar Taphrina sp. (208-1); Xylaria sp. (207-1) 
Broth  Xylaria sp. (206-1, 208-1)  
TON 
 
Agar Penicillium sp. (206-1, 401-1); Peziza sp. (203-1) 
Broth Xylaria sp. (402-1, 206-2) 
TON+ 
Ant 
Agar Coniochaeta sp. (204-1); Monodictys sp. (201-1) 
Broth Annulohypoxylon sp. (205-1); Xylaria sp. (203-1) 
BG11 Agar - 
Broth Xylaria sp. (LU1-1) 
YMA Agar Penicillium sp. (206-1, 402-1); Xylaria sp. (202-1, 206-1, 406-1) 
NA Agar Xylaria sp. (203-1, 205-1, 207-1, 402-1) 
LB: Lilly and Barnett medium; MYE: Malt-Yeast Extract medium; 4% WA: 4% Water Agar medium; BB: 
Bold’s Basal medium; TON: Trebouxia Organic Nutrient medium; Ant: antimicrobial cocktail (Rose 
Bengal (30 mg/l), streptomycin sulphate (50 mg/l) and ampicillin (500 mg/l)); BG11: Blue-Green 11 
medium; YMA: Yeast-Malt Agar medium; NA: Nutrient Agar medium. 
 
Apart from six Trebouxia isolates, which are the known green algal photobionts in Usnea lichens, 15 
additional algal isolates were isolated from Usnea samples in this study. These isolates of green algae 
belonged to four different genera namely, Coccomyxa, Micractinium, Mucidosphaerium, and 
Pyramimonas (Table 7.6). Most of these isolates (n=11) belonged to the genus Coccomyxa. Coccomyxa 
spp. were isolated from both dry and fresh Usnea specimens, namely, 14a, 206, 208, and LU2. The in 
vitro relichenisation test was used to determine if any association between mycobionts and the 
potential photobionts could be formed. Therefore, some of these Coccomyxa isolates were used for 
the relichenisation test in this study (7.2.3). The results showed that other species of green algae, along 
with Trebouxia were able to grow in both the agar and broth types of TON medium. No alga was 
isolated using 4%WA and BB media. The results showed that adding the antimicrobial cocktail to the 
TON media stopped the growth of algae.  
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Table 7.6 Non-Trebouxia algae isolated from Usnea spp. using different types of media.  
Medium Type Isolated alga (Specimen-number of isolates) 
LB Agar Coccomyxa sp. (206-2) 
Broth Coccomyxa sp. (206-3); Micractinium sp. (206-1) 
MYE 
 
Agar - 
Broth Coccomyxa sp. (LU2-1) 
4%WA Agar - 
BB Agar - 
Broth - 
BB+Ant 
 
Agar - 
Broth - 
TON 
 
Agar Coccomyxa sp. (206-2); Mucidosphaerium sp. (LU2-1) 
Broth Coccomyxa sp. (14a-1, 206-1, 208-1); Mucidosphaerium sp. (LU1-1)  
TON+ 
Ant 
Agar - 
Broth - 
BG11 Agar - 
Broth Pyramimonas sp. (256-1) 
LB: Lilly and Barnett medium; MYE: Malt-Yeast Extract medium; 4% WA: 4% Water Agar medium; BB: 
Bold’s Basal medium; TON: Trebouxia Organic Nutrient medium; Ant: antimicrobial cocktail (Rose 
Bengal (30 mg/l), streptomycin sulphate (50 mg/l) and ampicillin (500 mg/l)); BG11: Blue-Green 11 
medium. 
 
Endolichenic bacteria (12 isolates) from three different genera namely Burkholderia, Mycobacterium, 
and Paenibacillus were isolated from the Usnea specimens used in this study (Table 7.7). All isolates 
were cultured from the fresh samples and no endolichenic bacteria were isolated from the dry 
samples. One strain of Burkholderia sp. and two strains of each of Mycobacterium sp. and Paenibacillus 
sp. were isolated using the agar type of MYE (the specific fungal growth medium) and the agar type of 
BB (the specific algal growth medium). The rest of the isolates (n=9) were obtained using YMA and NA, 
the specific bacterial growth media. YMA, followed by NA, proved to be the best medium for isolating 
endolichenic bacteria from Usnea spp. Paenibacillus spp. (n=6, 50%) were the most common 
endolichenic bacteria isolated in this study, followed by Burkholderia spp. (n=5, 42%). No 
cyanobacteria were isolated from the samples, even from those specimens for which the presence of 
cyanobacteria within their thalli had been confirmed using molecular analysis.  
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Table 7.7 Endolichenic bacteria isolated from Usnea spp. using different types of media. 
Medium  Type Isolated bacterial endolichen (Specimen-number of isolates) 
LB  Agar - 
 Broth - 
MYE 
 
 Agar Burkholderia sp. (206-1) 
 Broth - 
4%WA  Agar - 
BB  Agar Mycobacterium sp. (203-1); Paenibacillus sp. (205-1) 
 Broth - 
BB+Ant 
 
 Agar - 
 Broth - 
TON 
 
 Agar - 
 Broth - 
TON+ 
Ant 
 Agar - 
 Broth - 
BG11  Agar - 
 Broth - 
YMA  Agar Burkholderia sp. (203-1, LU1-1, and LU2-1); Paenibacillus sp. (208-1, 
406-1, LU1-1) 
NA  Agar Burkholderia sp. (402-1); Paenibacillus sp. (402-1, LU1-1) 
LB: Lilly and Barnett medium, MYE: Malt-Yeast Extract medium; 4% WA: 4% Water Agar medium; BB: 
Bold’s Basal medium; TON: Trebouxia Organic Nutrient medium; Ant: antimicrobial cocktail (Rose 
Bengal (30 mg/l), streptomycin sulphate (50 mg/l) and ampicillin (500 mg/l)); BG11: Blue-Green 11 
medium; YMA: Yeast-Malt Agar medium; NA: Nutrient Agar medium. 
 
7.3.3  Study of the structure of free-living symbionts 
7.3.3.1 Usnea mycobiont isolates 
Observation of the Usnea axenic cultures by the naked-eye showed that generally two types of Usnea 
mycobiont axenic cultures were produced in this study: (a) an unstructured powder-form, and (b) 
structured mycelia. The unstructured powder-form Usnea cultures were produced from the specimens 
202, 203, 204, 205, 250, and LU2. The Usnea mycobiont did not form any particular structure apart 
from only a few (1-4) small (<5 mm) fungal hyphae that were observed within the powder-form 
growth. These powders ranged between white and cream in colour. The structured Usnea mycelial 
cultures were produced from the specimens 207, 401, 402, 406, and LU1 (two cultures). The Usnea 
mycelia were also white to cream colour. The approximate size of the Usnea mycelia grown in the 
cultures was measured and ranged from 1 to 4 cm2.  
Both types of Usnea axenic cultures were studied using a light microscope. Under the light microscope 
a few small branched Usnea hyphae were seen (Figure 7.1) while well-structured, large and branched 
Usnea mycelia were observed by screening the structured form of the Usnea axenic culture (Figure 
7.2). The structure of in vitro cultured Usnea fungus was similar to the medulla part in the Usnea lichen 
thallus. However, no cortex- or central axis- like structures were formed by Usnea mycelia. 
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Figure 7.1  Usnea hyphae from unstructured powder-form Usnea axenic in vitro culture under 
microscope. The branched hyphae were short. 
 
 
 
Figure 7.2 Usnea mycelia from the structured Usnea axenic in vitro culture under microscope. 
Well-structured mycelia with long hyphae was grown in broth media.  
 
7.3.3.2 Trebouxia photobiont isolates 
Screening the green coloured Trebouxia axenic cultures showed that no algal thallus or other structure 
was formed. Under the light microscope, the free-living Trebouxia cells collected from axenic cultures 
were round and 6-16 µm in diameter (Figure 7.3a). They were mostly found as a single cell or rarely in 
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a group of 2-6 cells (Figure 7.3b). In comparison with the Trebouxia photobionts associated with Usnea 
in the natural lichen thallus, no special structural difference was observed. 
 
Figure 7.3 Free-living Trebouxia sp. in axenic culture. a: free-living Trebouxia single cells (6-16 µm) 
in diameter isolated from lichen thallus and cultured in broth media; b: Trebouxia cells 
in a group of 6 cells.  
 
7.3.4 Relichenisation study 
Two in vitro Usnea thalli were produced by recombining the compatible Usnea mycelia from the Usnea 
axenic culture of specimen 402 and the Trebouxia sp. isolated from the same specimen using BB and 
LB media. However, no relichenised structure was produced from the powder-form Usnea mycobiont 
of specimen LU2. The in vitro resynthesised Usnea thallus (Figure 7.4a, b) structure was completely 
different from the natural Usnea thallus (Figure 7.4c). The cream coloured, umbrella-shaped in vitro 
thalli with black spots at their edges resembled small “jellyfish” (0.7 - 1 cm2 size) floating in the broth 
media (Figure 7.4a). 
Microscope slides prepared from one of the “jellyfish-like” in vitro Usnea thalli were studied using a 
light microscope (Figure 7.5). Fungal hyphae formed the main body of the thallus and the algal cells 
surrounded them at several points. In comparison to axenic culture of mycobiont and photobiont, 
these fungal hypha were thinner and the algal cells were smaller in the in vitro formed thallus. In 
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comparison to the structure of the natural Usnea thallus, it seems that the ratio of algal cells to fungal 
cells was lower in the in vitro formed thallus.   
 
 
Figure 7.4 Jelyfish-like Usnea relichenised thallus produced in the in vitro condition compare to its 
original parental thallus. a: relichenised Usnea thallus formed in broth media by 
introducing the isolated mycobiont and photobiont; b: jellyfish-like relichenised Usnea 
thallus with basal black colour spots; c: the parental lichen thallus (402) that was used 
for isolation of mycobiont and photobiont before lichenisation study. 
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 Figure 7.5 Jellyfish-like in vitro relichenised Usnea thallus under light microscope. Trebouxia cells 
surrounded the Usnea hyphae at several points (red arrows).  
 
Coccomyxa sp. were cultured with both types (structured and powder-form) of Usnea mycobiont. 
Usnea mycelia with green edges were seen in all structured Usnea mycobiont-Coccomyxa alga cultures 
(Figure 7.6a). In one culture, the Usnea mycelia occupied the entire space within the universal tube. 
Light microscope studies confirmed the production of fungal hyphae-algal cells networks in several 
parts of Usnea mycelia (Figure 7.6b). However, the close contact of Usnea and Coccomyxa cells was 
mostly formed by algal cells surrounding the fungal hyphae rather than fungal hyphae enveloping the 
algal cells (Figure 7.6c). No thallus-like differentiation was observed after three months of dual culture.  
The speed of growth and fungal mass produced in these cultures was higher than the control 
(structured Usnea cultured with no Coccomyxa cells). No association was found in cultures of 
unstructured Usnea mycobionts (powder-form) with Coccomyxa algae. 
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 Figure 7.6 Structured Usnea mycobiont cultured with Coccomyxa green algal cells. a: Usnea were 
introduced to Coccomyxa in the broth medium. The Usnea mycelia were grown with 
greenish edges; b: fungal hyphae-algal cell networks in several parts of Usnea mycelia 
were seen under the light microscope; c: fungal hyphae are surrounded by Coccomyxa 
cells.   
7.4 Discussion 
7.4.1  Isolates from Usnea lichens 
7.4.1.1 Isolation of mycobiont and photobiont from Usnea spp. 
In this study, Usnea mycobionts and Trebouxia photobionts were successfully isolated from lichen 
thalli and axenic cultures were produced. There are only a few reports of in vitro culture of Usnea 
species available (Ahmadjian and Jacobs, 1985; Behera et al., 2009; McDonald et al., 2013; Voicu and 
Brezeanu, 2008; Yamamoto et al., 1987). Most of these reports are about whole thallus culture and 
only a few have focused on the isolation of the symbionts. Yamamoto et al. (1987) showed that thallus 
segments of different species of Usnea had different growth rates under the same in vitro culture 
conditions by comparing Usnea rubicunda, U. bismolliuscula, U. rubescens, U. diffracia, and U. 
longissima. Therefore, based on their findings and to optimise in vitro culturing methods for different 
species of Usnea, several Usnea specimens collected from different sites were used in this present 
study to increase the chance of having different species of Usnea and based on initial morphological 
identification, presence of U. ciliifera, U. inermis, and U. articulata among them were detected. The 
lichen thallus containing both mycobiont and photobiont was used as the material to isolate mycobiont 
fungal cells in this study. In other studies ascospore discharge and germination has been reported as 
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one of the most commonly used techniques to isolate mycobionts from lichens (Ahmadjian, 1993b; 
Sangvichien et al., 2011). Ascospore discharge was not pursued in this study because of the common 
problems reported for this technique, such as low spore discharge rates and low germination rate in 
several species of lichens (Sangvichien et al., 2011). Despite these problems, the ascospore discharge 
method has been used for the successful isolation of the mycobiont of U. strigosa (McDonald et al., 
2013). However, this method only can be applied for those Usnea species which produce apothecia 
and an absence of apothecia has been reported for many species of Usnea and most of specimens 
used in this study had no apothecium. 
The results of this study showed that solid media (agar) was unsuitable for isolating symbionts from 
the range of Usnea spp. tested here. The application of broth media for growing Usnea mycobiont has 
been previously reported.  For example, McDonald et al. (2013) used agar media for germinating U. 
strigosa spores and after germination, the germinated U. strigosa were transferred  into liquid cultures 
for growth. Changing the agar to broth medium in their study might also show that agar media is only 
suitable for germination of spores and lichen-forming fungi need broth media for growth. In the 
present study, in which another method of culturing (direct culture from mycobiont cells in the thallus) 
was used, the result confirms that from the first step, broth media were needed for the growth of 
these fungal cells. On the other hand, Behera et al. (2009) reported the in vitro culture of Usnea 
ghattensis on the agar type of MYE medium. Among all broth media (8 types) used in this study, BB 
followed by LB was the best choice for isolating and culturing Usnea mycobionts while LB followed by 
BB was the best broth medium to isolate and culture Trebouxia photobiont cells. Thus, it appears that 
the few available reports on culturing Usnea spp. are not in agreement with the result of the present 
study. MYE medium seems to be the commonly used growth medium for culturing Usnea spp. by 
different researchers. In vitro culture of U. ghattensis for the production of antioxidant compounds 
(Behera et al., 2009) or large-scale tissue production of U. strigosa (McDonald et al., 2013) are two 
examples of using MYE as the growth culture for Usnea spp. One of the reasons why the algal specific 
growth media BB was more suitable than a fungal specific growth media, such as LB and MYE, or why 
the fungal specific growth media LB was better for culturing Trebouxia than the algal growth media, 
such as BB and TON, may be the different reaction of Usnea lichens from New Zealand compared to 
the species from other parts of the world.  Endemic species, such as U. ciliifera, among the specimens 
used in this study and it has been reported that optimal in vitro culture conditions significantly differ 
among species and can even differ among genotypes within one particular species (Pratta et al., 1997). 
However, to understand the main reasons, further investigation is required.    
A small number of Usnea mycobiont and Trebouxia photobiont axenic cultures were produced in this 
study. This may demonstrate that these organisms are strongly obligate towards a symbiotic 
association and thus grow poorly in the absence of their symbiotic partner. Similar difficulties have 
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been reported in culturing lichen symbionts (Ahmadjian, 1967; Yoshimura et al., 2002). Although based 
on the previous studies mentioned in the methodology section (7.2), optimised algal and fungal 
specific growth media were selected for the in vitro culturing experiments in this study, both symbionts 
grew very slowly in these media. The culturing conditions were also obtained from literature; however, 
testing a greater range of conditions, such as different temperatures and light intensities, is suggested 
for optimising culturing conditions in future research. 
7.4.1.2 Endolichenic fungi isolated from Usnea spp. 
Exploring the hidden community of endolichenic microorganisms was carried out in this study because 
the presence of them within lichen thalli defines these symbioses as complex systems (Grube et al., 
2009). For the first time, a number of endolichenic organisms associated with New Zealand lichens in 
the genus Usnea were isolated and identified in this study. The identification was based on the 
similarity of ITS and 16S rDNA sequences generated for these microorganisms with GenBank dataset. 
Identification only to a generic level was used because identification to species level would have 
required more morphological and biochemical tests. Before discussing these isolated endolichenic 
fungi in details, it it is important to point out that only four of these nine isolated endolichenic fungi 
have previously been reported as endolichenic (Xylaria, Penicillium, Peziza, and Coniochaeta) and only 
one of these four (Penicillium) has been reported as endolichenic for Usnea. Therefore, species from 
eight genera (Xylaria, Taphrina, Peziza, Monodictys, Annulohypoxylon, Coniochaeta, Biscogniauxia, 
and Nemania) were reported to be fungal endolichenic organisms associated with Usnea lichens for 
the first time and five of them (Taphrina, Monodictys, Annulohypoxylon, Biscogniauxia, and Nemania) 
have never been observed as endolichenic for any species of lichen.  
Among the fungal endolichenic organisms isolated from Usnea specimens in this study, Xylaria spp. 
were the most common one (n=36, ≈70.59%) in the Usnea specimens collected. Xylaria spp. have 
previously been reported to be endophytic fungi of plants (Govinda Rajulu et al., 2013; Ho et al., 2012), 
liverworts (Peng et al., 2013; Zeng et al., 2011) and they were also identified as endolichenic fungi 
having the potential to produce a new cyclic pentapeptide with antimicrobial activity (Wu et al., 2011). 
Penicillium (n=4, ≈7.84%) was also relatively common in the Usnea specimens used in this study. 
Although the genus  Penicillium contains some pathogenic species that cause disease on plants (Serra 
et al., 2006; Spadaro et al., 2010) it has also been commonly reported as an endophyte of plants (Vega 
et al., 2006). Species of Penicillium have also been found within moss tissues (Möller and Dreyfuss, 
1996) and lichen thalli (Kannangara et al., 2009). Penicillium spp.  have previously been found as 
endolichenic fungi living within Usnea thalli by He and Zhang (2012) in their study on U. longisima 
(abundance 15.2%). In terms of abundance Penicillium spp., was the third most abundant after 
Cladosporium spp. and Hypocrea koningii in their study while it was the second most abundant in this 
present study. The results of their research and this study suggest that the species of the genus 
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Penicillium are common endolichenic fungi associated with Usnea spp. However, the study carried out 
by Kannangara et al. (2009) rejects this statement because they did not isolate any Penicillium sp. from 
Usnea lichens in their study although they did isolate them from the lichen genus Pseudocyphellaria. 
After Xylaria spp. and Penicillium spp., Taphrina spp. (n=3; ≈5.88%) were the most common 
endolichenic fungi isolated from the Usnea specimens in this study. Most of the species from the genus 
Taphrina are thought to be pathogens of vascular plants (Inácio et al., 2004; Wang et al., 2009); 
however, isolation of some strains of this genus from healthy plants suggests that all species might not 
always be pathogenic and some Taphrina species may exist as endophytes without pathogenic effects 
on their hosts (Carrieri et al., 2010). Different Peziza species, such as an ectomycorrhizal type associate 
with the root of plants (Nouhra et al., 2013) and live within plant cells (Botella and Diez, 2011). Peziza 
sp. was previously been isolated from the lichen Xanthoparmelia sp. (Zhang et al., 2013). Endophytic 
species of the genus Monodictys have been isolated from plants (Visalakchi and Muthumary, 2009). 
Kukwa and Diederich (2005) demonstrated that Monodictys epilepraria commonly grows on Lepraria 
species as a lichenicolous fungus. The presence of this lichenicolous taxon as an endolichen in this 
study suggests that at least some of these endolichenic fungi may have a lichenicolous fungal source. 
This is consistent with some reports that show lichenicolous fungi can sometimes live in or on lichen 
thalli (White Jr and Torres, 2010). Annulohypoxylon is a newly formed genus in the family Xylariaceae 
(Hsieh et al. (2005). Species within this family were previously members of the genus Hypoxylon. 
Endophytic Annulohypoxylon spp. have previously been isolated from different plants (Cheng et al., 
2013; Wu et al., 2013). Coniochaeta sp. was also isolated in our study as an Usnea endolichenic fungus. 
Previous research shows that members of this genus can be placed in various categories such as plant 
pathogenic fungi (Damm et al., 2010), plant endophytic fungi (Hoffman et al., 2008), and endolichenic 
fungi (Wang et al., 2010b). Biscogniauxia is another genus from the family Xylariaceae isolated from 
one Usnea specimen in this study. Several pathogenic species reported from this genus are able to 
cause disease in various plants (Mirabolfathy et al., 2011; Nugent et al., 2005). However, many 
endophytic species of Biscogniauxia have been also found in healthy plants (Cheng et al., 2012; Nugent 
et al., 2005). Nugent et al. (2005) showed that water stress in the host plants can cause many of these 
Biscogniauxia endophytic species to act as pathogens. This result may also be important because it 
shows that plant endophyte-pathogens can be hidden in lichen thalli. Another endolichenic fungus 
from the family Xylariaceae that was isolated from Usnea specimens in this study was Nemania sp. 
Several members of the genus Nemania have been previously shown to be epiphytic or endophytic 
fungi associated with plants (Fritz and Heilmann-Clausen, 2010; Okane et al., 2008; Sawmya et al., 
2013).  
Apart from this study, there are only a few reports (less than five) of endolichenic fungi isolated from 
Usnea spp. and some of them have focused on bioactivities of their secondary metabolites. 
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Paranagama et al. (2007) was the first to report of metabolites endolichenic fungus. They extracted 
heptaketides from Corynespora sp. which had been identified as an endophyte of Usnea cavernosa 
endolichenic fungus,  In another study, Kannangara et al. (2009) isolated endolichenic fungi from Usnea 
sp. , Pseudocyphellaria sp. and Parmotrema sp. They showed that Chrysosporium sp. was the most 
common endolichenic fungus isolated from Usnea sp. followed by Nigrospors sp., Curvularia sp., 
Cladosporium sp., and Fusarium sp. Kannangara et al. (2009) also showed the antimicrobial activities 
of these endolichenic fungi. Therefore, based on reported bioactivity of endolichens, further studies 
are suggested to investigate the bioactivities of the isolated endolichens in this study. Pseudomonas 
and Arthrobacter were endolichenic bacteria isolated from Usnea antarctica by Selbmann et al. (2010). 
None of the endolichic fungi isolated in these three mentioned studies were isolated from the Usnea 
specimens in the current study. One of the reasons for this dissimilarity may be the different 
geographic location. It has been shown that geography has an effect on the diversity of endophytes 
(Davis and Shaw, 2008) and that endophytic communities living within different organisms at a 
particular site are similar. For example, U’Ren et al. (2010) showed a close similarity between the 
endolichenic fungi in mosses and lichens collected in the eastern Chiricahua National Forest, Arizona. 
Therefore, it was expected that the endolichenic fungi isolated from New Zealand Usnea spp. in this 
study may be different with those isolated from Usnea specimens collected from other parts of the 
world. However, apart from this possible geographical effect, some other important factors such as 
host species, habitat, environmental conditions, and time of the year should be considered in 
comparing the results of such studies (Rodriguez et al., 2009). 
Penicillium sp. was the only endolichenic fungus that had been previously isolated from Usnea 
longissima by He and Zhang (2012). However, He and Zhang (2012) also reported some other genera 
fungi such as Sydowia, Mucor, Hypocrea, Trichoderma, Elaphocordyceps, Arthrinium, and 
Cladosporium as the endolichenic fungi of Usnea longissima. In this study, no lichen-forming fungus 
was found to be endolichenic, while He and Zhang (2012) showed that endolichenic fungi naturally 
occurring within U. longissima thalli, including some lichen-forming fungi such as other species of 
Usnea, Alectoria, and Punctelia. 
7.4.1.3 Non-Trebouxia photobionts algae isolated from Usnea spp. 
This is the first report on the isolation of Coccomyxa, Pyramimonas, Micractinium, and 
Mucidosphaerium as photobionts of Usnea spp. Although He and Zhang (2012) reported 
Poterioochromonas sp. green alga in one specimen of Usnea longissima by PCR, there have been no 
reports of secondary photobionts in any Usnea lichens. Poterioochromonas spp. are mostly found as 
single cells, commonly in freshwater (He and Zhang, 2012), and they have not been reported as 
photobionts in any other lichen species.  
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Coccomyxa spp. (Class Chlorophyceae, Order Chlorococcales, Family Coccomyxaceae) are small 
unicellular green algae that are reported to have free-living as well as mutualistic and parasitic 
symbiont species (Blanc et al., 2012). Symbiotic species of Coccomyxa associate with different 
organisms, such as, plants (Trémouillaux-Guiller et al., 2002) and fungi (Zoller and Lutzoni, 2003). 
Symbiotic association of Coccomyxa spp. with different lichen-forming fungi forms various species of 
lichens. Coccomyxa has been frequently isolated from lichenised basidiomycetes but it is also the 
common photobiont in the lichen families of Baeomycetaceae and Peltigeraceae (Friedl and Budel, 
2008). In some of these lichen species, Coccomyxa is the only photobiont (e.g. lichenised Omphalina 
species (Zoller and Lutzoni, 2003)) and in the other species, which are tripartite lichens, it is the primary 
photobiont along with a secondary cyanobiont (e.g. Peltigera aphthosa (Paulsrud et al., 2001)). This 
study is the first report on the isolation of Coccomyxa spp. from Usnea lichens. 
Although Coccomyxa spp. were not observed by light microscopy nor from PCR amplification in 
studying the Usnea thalli in this study, there are some possible reasons for this: This type of phytobiont 
(Chlorella and Chlorella-like green algae) are not well-understood due to their small size and lack of 
distinctive characters (Friedl and Budel, 2008). Apart from their morphological characteristics, their 
low abundance compared to Trebouxia cells within Usnea thalli is another possible reason that their 
presence had been overlooked. This statement about their abundance was made based on the 
molecular studies which were carried on Usnea photobionts using specific algal primers in this project 
(Chapter 5). The results of algal ITS sequencing showed that the phtobionts for all examined specimens 
(367 species of Usnea) were Trebouxia spp., even the specimens that Coccomyxa was isolated from. It 
shows that the amount of Coccomyxa DNA extracted from Usnea thalli was not as large as the amount 
of Trebouxia DNA extracted from the Coccomyxa and it displays the higher population of Trebouxia 
compared to Coccomyxa within the lichen thalli. Difficulty in DNA extraction from Coccomyxa cells or 
problems in the binding sites of the primers used cannot be the reasons because DNA was easily 
extracted from axenic culture of Coccomyxa and primers were suitable for amplifying ITS rDNA region 
of Coccomyxa were the same as for Trebouxia.   
Interestingly, in this study, more Coccomyxa isolates (11 isolates) were obtained from Usnea 
specimens than from Trebouxia ones (6 isolates) suggesting that isolation and in vitro culture of 
Coccoumyxa are easier than Trebouxia. The main reason for this issue is likely to be because Trebouxia 
species are strongly obligated to the symbiosis (Ahmadjian, 2002; Friedl and Budel, 2008), whereas 
Coccomyxa species are able to grow easily as free-living cells (Blanc et al., 2012). 
The green algal genus, Micractinium (Class Chlorophyceae, Order Chlorococcales, Family 
Micractiniaceae) is closely related to the green algal genus Chlorella and, therefore, it has been 
recently placed in the family Chlorellaceae (Krienitz et al., 2004). Micractinium spp., like Coccomyxa 
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spp., have both free-living and symbiotic species. Their symbiotic species have only ever been reported 
to be associated with protozoa and there are no reports of their association with any lichen-forming 
fungi. For example, Paramecium bursaria, which is a single-celled protozoan, forms symbiotic 
relationships with some green algae such as Micractinium reisseri (Hoshina and Fujiwara, 2012). 
Micractinium reisseri, in symbiotic association with P. bursaria, acts as photobiont and produces sugar 
through photosynthesis while it gains protection, especially against viral infections, by the protozoan 
cell. This is the first report of the isolation of a species of Micractinium from a lichen. Further studies 
are required to see if Micractinium cells have any photobiont activity in Usnea lichens.   
Mucidosphaerium (Class Chlorophyceae, Order Chlorococcales, Family Dictyosphaeriaceae) is a new 
genus described by Bock et al. (2011) that was recently separated from the genus Dictyosphaerium 
based on morphological and molecular analysis. This genus contains four species in total: two former 
Dictyosphaerium species (Mucidosphaerium pulchellum and M. sphagnale) and two new species (M. 
palustre and M. planctonicum). There is little information available about their habitat preferences; 
however, members of Mucidosphaerium, which were previously placed within the genus 
Dictyosphaerium, are typically found in freshwater (John et al., 2002) and soils (Zancan et al., 2006). 
To my knowledge, it is the first report of the isolation and culturing of Mucidosphaerium sp. from lichen 
thalli. Both Mucidosphaerium isolates in this study were isolated from the specimens collected from 
Lincoln University and therefore this may be related to the availability of this species at that site. 
Further studies are required to investigate if Mucidosphaerium cells have any symbiotic association 
within the lichen symbiosis.   
Of these four isolated algae, Coccomyxa was selected for an in vitro lichenisation test in this study to 
investigate if it is a potential secondary photobiont within the thallus. The reasons for this selection 
were: (a) it is a photobiont of some other species of lichens, (b) some of the Coccomyxa isolated from 
Usnea in this study had a very high similarity to the Coccomyxa isolated from other lichens based on 
the algal ITS rDNA sequences, (c) it has been isolated from four different specimens of Usnea spp. 
collected from four different sites, namely Arthur’s Pass, Craigieburn, Flock Hill, and Lincoln University 
and (d) enough isolates were isolated for designing an in vitro relichenisation experiment with 
sufficient replication. 
7.4.1.4 Endophytic bacteria isolated from Usnea spp. 
A few endolichenic bacteria were also successfully isolated and identified from Usnea specimens in 
this study and it is the first report on endolichenic bacteria associated with lichens in New Zealand. 
Burkholderia spp. are found as free-living cells as well as associated with plant and fungal cells 
(Compant et al., 2008; Partida-Martinez et al., 2007). Several species of Burkholderia, which are in 
association with plants, are thought to be plant growth promoters, such as B. cepacia (Zhao et al., 
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2013) and B. phytofirmans (Poupin et al., 2013). These growth promoting Burkholderia species can 
endophytically colonize plants (Compant et al., 2005). Symbiosis between Burkholderia and fungi is 
also known (Cardinale et al., 2012). These fungi can be either non-lichen forming, such as mycorrhiza 
(Bianciotto et al., 2003) or lichen forming, such as Lobaria pulmonaria spp. (Cardinale et al., 2012).  
Burkholderia is one of the most common endolichenic bacterial genera (Cardinale et al., 2006). 
Burkholderia sordicola has recently been shown to be one of the Usnea longissima endolichenic 
organisms by He and Zhang (2012). 
This study is the first to report the genus Paenibacillus specifically as an Usnea endolichenic bacterial 
genus. Some species of Paenibacillus and Burkholderia can fix nitrogen (Bouizgarne, 2013). A number 
of different plants have been found to be colonised by strains of Paenibacillus such as Thuja plicata 
(Anand and Chanway, 2013) and Curcuma longa (Aswathy et al., 2013). Paenibacillus has been 
reported to be one of the common genera of endolichenic bacteria next to Burkholderia by studying 
different species of lichen, such as Cladonia, Hypogymina, Lecanora, Pseudevernia, Roccella, and 
Umbilicaria (Cardinale et al., 2006; Grube et al., 2009).  
Although the genus Mycobacterium contains important mammalian pathogens such as M. 
tuberculosis, there are also species known to be endophytes of plants. Koskimäki et al. (2010) showed 
that mycobacteria species are common in the shoots of the plant Pogonatherum paniceum and they 
suggest further studies to investigate the diversity of unculturable endophytic mycobacteria in edible 
crops.  Mycobacterium sp. was also introduced as one of the endophytic bacteria isolated from 
Medicago sativa (Deljou et al., 2010) and isolated from Xanthoria elegans lichen (Selbmann et al., 
2010). However, to my knowledge, this is the first study suggesting that Mycobacterium sp. is an 
endolichenic bacteriam of Usnea.  
No cyanobacteria were isolated from Usnea in this study, despite molecular analysis confirming their 
presence in all specimens cultured on BG11 medium. It seems that the cyanobacteria present within 
the Usnea thalli in this study are unculturable. 
There was a smaller number of endolichenic bacteria (12 isolates from 3 genera) isolated from the 
Usnea specimens in this study compared with endolichenic fungi (51 isolates from 9 genera) which is 
a consistent result with the study carried out by He and Zhang (2012) on diversity of microorganism in 
the Usnea longissima lichen, whereby Burkholderia was the only endolichenic bacterium compared to 
98 endolichenic fungi isolated from the samples. Sensitivity of bacteria to the presence of antimicrobial 
compounds such as usnic acid in Usnea lichen relative to the sensitivity of fungi might be one of the 
main reasons for this result (He and Zhang, 2012).    
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7.4.2 Usnea mycobiont and Trebouxia photobiont structure as free-living cells 
Another interesting finding in this study was the production of different types of Usnea isolates. The 
study showed that some Usnea mycobionts grow without forming any elongated fungal hyphal 
structure while some others produce well-structured mycelia. Based on the light microscopy study of 
the unstructured type of Usnea, it seems that the mycobiont cells replicated but they did not elongate. 
These different growth morphologies may be related to the taxonomic placement of Usnea lichens. 
The results obtained from this part of the study were compared with the results of the mycobiont 
phylogenetics study (Chapter 4) and this linkage shows that the structured Usnea mycelia were 
produced by specimens (207, 401, 402, and 406) which are closely related on the Usnea phylogenetic 
tree whereas the specimens which produced the unstructured powder-form Usnea (202, 203, 204, 
205, and LU2) were from different clades and do not seem to be closely related. However, further 
studies are required to understand why some Usnea spp. do not produce significant mycelial structure 
in in vitro condition while others do. This result suggested that apart from difficulties with in vitro 
culture, isolation of mycobionts from Usnea lichens and growing them in culture as the free-living cells 
may assist with morphological identification within this genus. 
7.4.3  In vitro relichenisation 
The in vitro resynthesis of lichen symbionts is carried out mostly to study the genetic regulation of 
lichenisation or to investigate specificity of the symbionts towards each other (Guzow-Krzeminska and 
Stocker-Worgotter, 2013). Apart from the present study, there is only one report of in vitro 
relichenised Usnea (Ahmadjian and Jacobs, 1982) whereby synthetic thalli of U. strigosa were 
produced. However, the in vitro re-established Usnea thalli in this present study had a very different 
structure compared to natural thalli. In contrast, apart from a few differences, Ahmadjian and Jacobs 
(1982) described fibril morphology similar to the natural thalli.  
To establish an in vitro relichenisation protocol, a compatible mycobiont and photobiont should be 
used as positive control. The best option for obtaining compatible symbionts is that both have been 
isolated from the same thallus. In this study, the specimens LU2 and 402 for which both mycobiont 
and photobiont had been isolated were selected. The Usnea mycobiont isolated and cultured from 
LU2 was unstructured powder-form and the Usnea mycobiont isolated and cultured from 402 was 
structured hyphae. However, there was no Coccomyxa sp. isolated from LU2 and 402 to employ for 
this experiment and Coccomyxa axenic culture isolated from the specimen 206 was used. 
In the natural lichen thallus the main structure was formed by the mycobiont cells and the amount of 
algal photobiont cells that were surrounded was less than the fungi. In the in vitro resynthesis protocol 
described by Guzow-Krzeminska and Stocker-Worgotter (2013) for the relichenisation of 
 137 
Protoparmeliopsis muralis, less algal suspension was used compared to the mycobiont suspension (1/3 
of the volume of the fungal suspension). Therefore, the amount of Trebouxia and Coccomyxa green 
algae in this present resynthesis study was half of the volume of Usnea mycobiont suspension.  
The results of study suggested that unstructured Usnea is not a suitable type of mycobiont for re-
establishment study in this genus of lichen. The reason that only the structured Usnea mycobiont was 
able to produce a lichen thallus is not clear but it may be related to the presence of elongated and 
branched hyphae in the structured type. Only two synthetic thalli of Usnea were produced in this study, 
one using BB and another one using LB growth media. It showed that both media are suitable for Usnea 
in vitro relichenisation studies. The results of this study also showed that algal photobionts in the 
structure of a natural lichen thallus were more abundant than in the structure of the in vitro 
relichenised thallus. This is probably the reason that the in vitro Usnea lichen is cream coloured as it 
gains its colour from the Usnea mycelia and not the algae (greenish). 
We can conclude from the results of the in vitro relichenisation study that Usnea mycobionts are able 
to associate with Coccomyxa unicellular green algae and this association increased their growth rates. 
The frequency of isolation of Coccomyxa from different Usnea specimens collected at different sites, 
their high similarity to the Coccomyxa photobionts isolated from other lichens, and the association of 
Usnea hyphae with Coccomyxa cells in the in vitro cultures is enough evidence to propose Coccomyxa 
spp. as a secondary photobiont in the genus Usnea. Molecular studies of the photobionts of Usnea 
spp. in this study showed that Trebouxia is the main photobiont in all specimens. The results obviously 
showed that, apart from the association between Usnea and Coccomyxa, Usnea is not able to form 
lichen thalli with Coccomyxa photobionts, at least within the relichenisation conditions used in this 
study. It was also confirmed that Usnea and Trebouxia are able to produce an in vitro thallus without 
the presence of Coccomyxa alga. Hence, Coccomyxa is likely a secondary photobiont for the species of 
Usnea spp.  
7.5 Conclusion 
Axenic mycobiont and photobiont cultures of different specimens of Usnea lichen were successfully 
obtained in this study by testing a wide range of growth media. Several culturable Usnea endolichenic 
microorganisms were also isolated and identified for the first time in this study. The in vitro 
relichnisation protocol was optimised in this study as a practical method for not only studying the 
relichenisation process but for testing some patterns of association such as specificity and selectivity. 
The result of the relichenisation optimisation study suggested that different species of Usnea may need 
their own specific synthetic lichenisation conditions. Presence of Coccomyxa as the secondary 
photobiont in some species of Usnea was suggested for the first time in this study and this is also the 
first report to show two different algal photobionts from two different genera are present in one lichen 
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thallus. Further studies are required to answer many questions about this secondary photobiont in 
Usnea lichens such as the exact location of Coccomyxa cells in the Usnea thalli, potential interactions 
between Trebouxia and Coccomyxa cells in Usnea thalli, and presence of Coccomyxa as algal 
photobionts in other species of lichen in New Zealand. 
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Chapter 8 
Developing Microsatellite for Usnea Symbionts 
 
 
 
 
 
8.1 Introduction 
For many organisms, to address population ecology questions regarding spatial population structure 
and dispersal patterns, the application of molecular approaches is not only useful, but necessary 
(Monsen-Collar and Dolcemascolo, 2010). Molecular markers are the most powerful tools that have 
been applied for this purpose (Selkoe and Toonen, 2006). Among these markers, microsatellites are 
one of the best for identifying individuals (Monsen-Collar and Dolcemascolo, 2010) and therefore have 
become a favourite molecular marker for population geneticists (Guichoux et al., 2011). 
In lichenology, microsatellite markers appear to be the best way of addressing some important 
questions that cannot yet be answered using other techniques. For example, the relative frequency 
and importance of different reproductive modes in species distributions and population genetic 
structure is still a question for many different species of mycobionts (Mansournia et al., 2012). At the 
same time, photobiont reproduction remains mysterious for many taxa, including Trebouxia spp. (Dal 
Grande et al., 2013; Mansournia et al., 2012), which have been reported to be only asexual within the 
lichen thallus (Ahmadjian, 1993a). Microsatellites have great promise in the investigation of lichen 
dispersal (Mansournia et al., 2012) and its role in lichen population genetic structure across different 
spatial scales (Walser et al., 2003). 
The objectives of this study were to prepare DNA samples of sufficient quality and quantity for 
constructing a shotgun library and pyrosequencing data that could be used to detect potential 
microsatellite regions, and to design primers for the potential microsatellites. To achieve these goals 
materials and methods were modified continuously for the preparation of a suitable DNA sample.  
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8.2 Materials and Methods 
 
8.2.1 Testing previously established microsatellite markers 
Before establishing markers, it is rational to review literature to find if any markers have been 
established for any species of the mycobiont (Usnea) and photobiont (Trebouxia). Although 
microsatellite markers are species-specific (Abdelkrim et al., 2009), conservation of microsatellites in 
closely related species has been also reported (Presa and Guyomard, 1996). No microsatellite marker 
was established for any species in the genus Usnea at the date of this study, but there were some for 
species in the genus Trebouxia. Five pairs of forward and reverse microsatellite primers (Table 8.1) 
have been established for Trebouxia corticola, a photobiont associated with the lichen Parmotrema 
tinctorum (Mansournia et al., 2012). These were tested on the photobiont associated with Usnea 
lichens in this study. For this experiment, DNA samples from four specimens of Usnea (N16, CRA1, 206, 
and NINA37) and one Trebouxia axenic sample (isolated from specimen 203) were randomly selected 
and used in this study. PCR amplification was performed as described for algal ITS rDNA amplification 
in Section 3.2.5 by modifying the annealing temperature following Mansournia et al. (2012): 56, 55, 
57, 54, and 55 °C for Tc16, 20, 25, 28, and 29, respectively. PCR products were electrophoresed as 
described in Section 3.2.6 to check if the correct regions were amplified based on the allele sizes 
reported by Mansournia et al. (2012): 158-226, 212-276, 226-244, 191-200, and 370-394 bp for Tc16, 
20, 25, 28, and 29, respectively.   
Table 8.1 Primers for microsatellite loci of Trebouxia corticola designed by Mansournia et al. 
(2012). 
ID Forward Primer (5ˊ-3ˊ) Reverse Primer (5ˊ-3ˊ) 
Tc16 TGCAATGCTCTCGTTCAGCAA CTCATTCACTCACTCACCCAA 
Tc20 ATGAATGAGTGAGTGCGTGA TGGCAAGGTAGCAACAGACA 
Tc25 TCTGGCATCAGGTACCTGCT TCTTGATGTCCCAAGAGAGC 
Tc28 CTCTTCAAGTCTTTCTTGAAGT GAAGAAGCAGGAAAACAACAGC 
Tc29 CTCTTTTTGGAACCTTCTGGAA ATCCTGAGCCAGGATCAAACT 
 
8.2.2 Establishment of microsatellite markers 
8.2.2.1 Symbiont samples 
For establishment of microsatellites of both the mycobiont and photobiont partners, a DNA sample of 
each partner is required. Therefore, samples that can be used for isolating both partner’s DNA are 
taken from either (1) individual cultures or samples of the two symbionts, resulting in separate DNA 
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samples or (2) a lichen thallus, which contains both partners, and results in a sample of mixed algal 
and fungal DNA. 
Based on the literature, the best symbiont samples for extracting pure DNA for establishing 
microsatellite markers are axenic cultures of each symbiont. In this study, Usnea mycobiont and 
Trebouxia photobiont cells were isolated and cultured (Chapter 7). Therefore, axenic culture of these 
cultures were used for DNA extraction.  
In addition to DNA extraction from axenic culture of symbionts, DNA for microsatellites has been also 
extracted from mycobiont cells after removing them physically from the thallus. For example, 
Mansournia et al. (2012) removed the algal photobionts from mycobiont Parmotrema tinctorum using 
double-sided sticky tape for extracting pure mycobiont DNA. The central axis in Usnea lichen thalli only 
contains mycobiont cells and can be obtained by removing the cortex and medulla. Of the Usnea 
specimens in this study, Usnea cillifera was the most suitable species for separating the central axis 
because (1) this species has a relatively thick central axis, which makes the process of separation easier, 
and (2) based on experience gained in this research project, this species can be easily identified using 
morphological characters; therefore, sampling for future studies is relatively easy. The central axis was 
pulled out from a few branches of one thallus of U. cillifera collected from Craigieburn Forest. This 
sample was surface sterilised following the protocol explained in Section 3.2.2 prior to DNA extraction. 
To my knowledge, there is no report on physical separation of algal cells from the lichen thallus for 
direct algal DNA extraction without culturing the cells. However, the process of separating Trebouxia 
cells under the microscope by scratching the lichen thallus using a sharp blade was performed in this 
study. To check the purity of DNA extracted from separated symbionts using this manual process, PCR 
amplification using both fungal and algal ITS rDNA specific primers was performed as described in 
sections 4.2.2.1 and 5.2.2. The PCR products were then separated on an agarose gel as described in 
section 3.2.6 to observe the presence and absence of algal and fungal ITS rDNA bands. 
A lichen thallus contains both mycobiont and photobiont and a mixed DNA sample of the symbionts 
can be extracted from them. One fresh thallus of U. cillifera collected from Craigieburn Forest Park was 
used for DNA extraction from the whole thallus in this study. This sample was surface sterilised 
following the protocol explained in Section 3.2.2 prior to DNA extraction. 
8.2.2.3 DNA extraction 
To know the quality and quantity of DNA sample required for establishing microsatellite markers, the 
first step is to decide which method should be used for preparing the source of DNA sequence data. In 
this study, a next-generation sequencing technique was used, mainly to reduce overall costs and time 
spent (Guichoux et al., 2011). One of the most common pyrosequencing methods, developed by 454 
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Life Sciences and commonly called 454 pyrosequencing, was selected. This method of sequencing is 
offered by many different companies. Although the quality and quantity of required DNA are slightly 
different between different companies, a high quality DNA sample at a sufficient concentration is 
required for this type of genome sequencing. For example, New Zealand Genomics Limited (NZGL) 
required a DNA sample with the following characteristics at the time of this study: OD260/280 ratio ≥ 
1.8, concentration ≥ 5ng/µl (500 ng DNA for DNA library and some extra for quality control was 
required). They also required that the fragment sizes were bigger than 1.5kb and this was tested by 
running the isolated genomic DNA on a 0.5% agarose gel. The quantity and quality of extracted DNA in 
this study were checked using spectrophotometry (Nano-Drop Technologies Inc., Delaware, USA) and 
electrophoresis (0.5% 1×TBE agarose gel, 80V for 2hours). In addition to a 1 Kb DNA Ladder (Invitrogen, 
Carlsbad, CA) for checking the sizes of the bands, the High DNA Mass Ladder (Invitrogen, Carlsbad, CA) 
was also used for checking the DNA concentration. The following methods of DNA extraction were 
used in this study in three replicates: 
1. The Isolate Plant DNA Mini Kit (Bioline, London, UK): This kit was selected based on the results 
described in Chapter 3 of this thesis. DNA was extracted from the axenic Usnea and Trebouxia 
using this kit as described in Section 7.2.1.5. Three replicates were performed to pool the DNA and 
obtain a high enough DNA yield for pyrosequencing and the quality control process (more than 
500 ng DNA). DNA extractions from the surface sterilised manually separated symbiont and the 
whole lichen thallus were performed using this kit as described in Section 4.2.2.1.  
2. The Puregene kit from QIAGEN (Maryland, USA): Based on the results obtained in Chapter 3, this 
kit was able to provide the highest yield of extracted DNA among other tested methods. This kit 
was used for extracting DNA from the axenic cultures of the symbionts, the surface sterilised 
central axis, and the surface sterilised whole thallus, as described in Section 3.2.3.1.  
8.2.2.4 Enhancement of DNA concentration 
To enhance yield of extracted DNA from Usnea and Trebouxia axenic cultures, the Genomiphi V2 DNA 
Amplification Kit (GE Healthcare, UK) was used following the protocol provided by its supplier for whole 
genome amplification (WGA) in three replicates. Briefly, the 9 µl of sample buffer provided in this kit 
was added to 10 ng of DNA from each sample in a 2 ml micro-tube. The mixture was cooled to 4 °C on 
ice after a denaturation step by heating it to 95 °C for 3 minutes. A master mix was prepared for each 
reaction by mixing the Reaction Buffer (9 µl) with Phi29 DNA polymerase enzyme (1 µl) and this master 
mix (10 µl) was added into the cooled DNA dilution. This mixture was incubated at 30 °C for 1.5 hours 
to amplify the DNA. Finally, the enzyme was inactivated by increasing the temperature to 65 °C and 
incubating the sample for 10 minutes. The sample was cooled to 4 °C by incubating on ice. 
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8.2.2.5 DNA purification 
Different methods of DNA precipitation and purification have been established for purifying extracted 
DNA. These methods can be divided into two groups; (1) direct DNA clean up and (2) gel extraction 
(Langel, 2008). Some techniques from both of these methods were used in this study and each method 
was repeated three times. 
1. Standard ethanol precipitation of DNA: This method was carried out as described by Sambrook 
and Russell (2001) to purify the DNA extracted from the lichen thallus. Briefly, one tenth volume 
of sodium acetate buffer (3 M) was added to the DNA dilution to equalise ion concentrations. The 
solution was mixed well and 2 volumes of ice-cold ethanol (≥ 96%) were added and the solution 
was again mixed. This solution was stored at -20 °C for 30 minutes and finally the DNA was 
recovered by centrifuging the solution at 13000 rpm for 10 minutes.     
2. Phenol: chloroform DNA purification: Extracted DNA from the lichen thallus was purified using an 
extraction with phenol: chloroform following a protocol described by Sambrook and Russell 
(2006). Briefly, an equal volume of phenol: chloroform (1:1) was added to the DNA sample and 
mixed. The mixture was centrifuged at 12000 rpm for 1 minute (room temperature). The aqueous 
phase was then transferred into a new micro-tube and the above steps were repeated. The new 
aqueous phase was then added to an equal volume of only chloroform. This mixture was 
centrifuged at 12000 rpm for 1 minute and the aqueous phase was again transferred into a new 
tube. The standard precipitation with ethanol (described above) was then performed to recover 
the nucleic acid.   
3. Isopropanol-ethanol precipitation: This method was carried out for purifying the genomic DNA 
extracted from the lichen thallus following a protocol from QIAGEN 
(http://www.qiagen.com/knowledge-and-support/). Briefly, the concentration of salts in DNA 
solution was adjusted by adding sodium acetate (to a final concentration of 0.3 M). Seven volumes 
of isopropanol were added into the DNA solution and it was mixed well before centrifugation at 
12000 rpm for 30 minutes at 4 °C. The supernatant was decanted and the DNA pellet was washed 
using 1.5 ml of 70% ethanol and then centrifuged at 12000 rpm for 15 minutes at 4 °C. The 
supernatant was discarded again and the pellet was re-dissolved in elution buffer after 20 minutes 
of air-drying.   
4. DNA cleaning using DNA purification kit: the DNA Clean & Concentrator – 5 kit (ZYMO Research, 
USA) was used to purify DNA extracted from the lichen thallus in this study following the 
instruction manual provided by the company. Briefly, two volumes of DNA Binding Buffer were 
added to each volume of DNA sample in a microcentrifuge-tube and the solution was mixed. The 
mixture was transferred into the collection tubes provided by the company and was centrifuged 
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at 12000 rpm for 30 seconds. The flow-through was discarded and DNA Wash Buffer (200 µl) was 
added to the column and then centrifuged at 12000 rpm for 30 seconds. This step was repeated 
and finally DNA Elution Buffer was added to the column and the column placed in a new tube for 
collecting DNA by centrifuging at 12000 rpm for 30 seconds. 
5. DNA clean up using Chelex: Chelex 100 Resin (BioRad, USA) was used for purification of DNA 
extracted from thallus following a protocol used in Dr. Marie Hale’s laboratory at University of 
Canterbury, New Zealand. Briefly, an equal volume of Chelex 100 Resin (10% in TE buffer) was 
added to the DNA solution and it was vortexed for 10 seconds. The solution was incubated at 100 
°C for eight minutes and it was again vortexed for 10 seconds. The supernatant containing purified 
DNA was transferred into a clean tube after centrifuging at 13000 rpm for 1 minute. 
6. Gel Extraction: DNA purification was carried out for extracted DNA from the lichen thallus by 
running the sample on a 0.5% agarose gel for 80V for 2 hours and extracting using GelElute 
Extraction Kit (5 PRIME, Hamburg). Briefly, the DNA band was excised from the agarose gel (250 
mg) using a sterile blade under UV light. The gel slice was placed in a microcentrifuge-tube and 
Buffer G×1 (750 µl) with sterile water (500 µl) were added into the tube. Resuspension was carried 
out by vortexing for 30 seconds and GelElute (30 µl) was added to the dilution. The agarose gel 
was solubilised by incubating at 50 °C for 10 minutes. The dilution was centrifuged at 13000 rpm 
for 30 seconds and supernatant was removed. The pellet was washed using 500 µl of Buffer G×1 
by vortexing the solution. The centrifugation was performed again at the same speed for 30 
seconds and the supernatant was completely discarded. The pellet was air-dried for 15 minutes 
and resuspended in sterile water (20 µl) by incubating at 50 °C for 10 minutes. This DNA dilution 
was centrifuged at 13000 rpm for 30 seconds and the supernatant was transferred into a clean 
tube. Another 20 µl of water was added to the previous tube to resuspend the rest of DNA 
molecules. Incubation at 50 °C for 10 minutes as well as centrifuging at 13000 rpm for 30 seconds 
were repeated to add the supernatant to the previously collected supernatant.  
8.2.2.6 Pyrosequencing service 
New Zealand Genomics Limited (http://www.nzgenomics.co.nz/) located in New Zealand (known as 
NZGL) was selected as the first choice and Macrogen Inc. (http://www.macrogen.com/) located in 
Korea was the second choice for shotgun library preparation and pyrosequencing services. 
8.2.2.7 Bioinformatics analyses for microsatellite detection and primer design 
The short sequence reads generated by pyrosequencing were analysed using the program 
msatcommander, which also includes the primer3 primer design program (Faircloth, 2008; Rozen and 
Skaletsky, 1999). Briefly, the DNA reads were uploaded into the program in FASTA format to build up 
the microsatellite library and then the type of microsatellite (di-, tri-, or tetra-nucleotide) was selected. 
Number of repeats were selected as equal to or greater than 10, 8 and 6 for di-, tri-, and tetra-
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nucleotides. This library was scanned and the microsatellites were detected and then primers were 
designed based on the detected microsatellites using msatcommander.      
8.3 Results 
8.3.1 Testing the previously established microsatellite markers 
Among the five pairs of microsatellite primers obtained from the literature, only one of them (Tc25) 
successfully produced DNA bands of the the right size (226-244 bp) for all the samples used in this 
study. Primers Tc16 and Tc20 amplified a few regions of DNA for the sample CRA1 which their sizes 
were different with the expected sizes. No other band was observed on the electrophoresis gels.  
8.3.2 Establishment of microsatellite markers 
8.3.2.1 Symbiont samples 
Table 8.2 summarises the results of the DNA extraction from different sample sources. DNA extractions 
from fresh Usnea and Trebouxia axenic cultures were successful using both methods of DNA 
extraction, but both quality and quantity of extracted DNA was lower than required for 
pyrosequencing. Even pooling the samples did not solve this problem. No DNA band was also observed 
after electrophoresing the genomic DNA on 0.5% agarose gel for both Usnea and Trebouxia samples. 
However, the WGA technique was applied using Genomiphi V2 DNA Amplification Kit to increase the 
concentration of DNA and measurement of concentration of DNA using the nano-drop machine 
showed that the concentration had increased from 4.1 to 1285 ng/µl and from 3.2 to 1299 ng/µl for 
the photobiont and mycobiont DNA samples, respectively. However, electrophoresis carried out after 
applying the WGA method showed no DNA band on 0.5% agarose gel.  
The second source for isolating DNA from the symbionts was the manually separated symbionts from 
a lichen thallus and the result showed that while the mycobiont (central axis) was easily separated in 
this study, obtaining enough photobiont cells for DNA extraction from the Usnea thallus under the 
microscope was not possible. The result of the PCR amplification and the absence of amplified algal 
ITS rDNA on the electrophoresis gel confirmed that the extracted DNA from the central axis was pure 
mycobiont DNA. However, no photobiont DNA was obtained using this method. No DNA band was 
observed on 5% agarose gel after electrophoresing the genomic DNA extracted from the central axis 
using either method.  
The third source for obtaining both mycobiont and photobiont DNA samples was the whole lichen 
thallus and total DNA was successfully extracted using both methods. This total DNA contained a 
mixture of both mycobiont and photobiont DNA. The electrophoresis result showed a genomic DNA 
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band for DNA extracted using the Puregene Kit and it was the only DNA sample among all DNA samples 
that gave a positive band on a gel (Table 8.2). 
 
Table 8.2 Average of concentration and quality of genomic DNA extracted from different sources 
of samples for pyrosequencing. 
 
Source of 
Sample 
Isolate Plant DNA Mini Kit Puregene Kit 
Quantity 
(ng/µl) 
Quality 
(260/280) 
DNA band Quantity 
(ng/µl) 
Quality 
(260/280) 
DNA band 
Photobiont 4.1 1.7 × 8.86 2.02 × 
Mycobiont 3.2 1.6 × 4.5 2.28 × 
Axis 1.5 2.06 × 70.52 2.18 × 
Thallus 86.55 1.79 × 274.3 2.15  
 
8.3.2.2 DNA sample for pyrosequencing service  
The DNA sample from the whole thallus extract was selected to be sent for pyrosequencing to obtain 
a mixture of mycobiont-photobiont reads. NZGL quality control rejected the prepared DNA samples 
because the samples did not meet their requirements. Macrogen was able to carry out the laboratory 
construction using a DNA sample with a lower quality than was required by NZGL; however, the same 
amount (concentration) of DNA was required. Therefore, a new agreement was made with Macrogen 
after cancelling the contact with NZGL. The extracted DNA was sent to Macrogen, but their quality 
control showed concentration of DNA was much lower than the concentration that had been 
measured and reported in our laboratory. Some of the same DNA sample kept at 4 °C in our laboratory 
was used for re-measuring the concentration (using nano-drop and electrophoresis). Surprisingly, the 
concentration of DNA appeared to have dropped dramatically after one week (from almost 270 to less 
than 50 ng/µl) and no DNA band was detected on the electrophoresis gel. Therefore, several methods 
were used to purify DNA samples and Table 8.3 shows the results obtained from these methods. Based 
on these results, none of the methods were able to produce a high enough concentration of high-
quality DNA required for pyrosequencing. However, several DNA samples prepared using the 
extraction and purification methods were sent to Macrogen for library construction by pooling all the 
samples, thus increasing the DNA concentration. Macrogen reported that the quality of this DNA 
sample was lower than required but the pyrosequencing could be carried out at my own risk. The risk 
of failure or the production of a lower number of reads was accepted and pyrosequencing was 
undertaken.  
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Table 8.3 Average of DNA quality and quantity after application of different methods for purifying 
genomic DNA extracted from lichen thallus. 
Method Quantity 
(ng/µl) 
Quality 
(260/280) 
DNA band 
Standard ethanol precipitation 1.1 1.62 × 
Phenol: chloroform purification 2.5 1.71 × 
Isopropanol-ethanol precipitation 49.9 1.57 × 
DNA Clean & Concentrator  0.6 3.11 × 
DNA clean up using Chelex 202.9 3.42 × 
Gel Extraction 5.3 1.51 × 
 
8.3.2.3 Bioinformatics analyses for microsatellite detection and primer design 
The 62,619 reads (36,173,189 bases) were received from Macrogen as the result of 454 
pyrosequencing of one specimen of Usnea ciliifera (411) using a GS-FLX Titanium sequencing system. 
The reads were analysed using the msatcommander program and Table 8.4 shows 15 pairs of primers 
designed based on the microsatellites selected by msatcommander. 
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Table 8.4 Primers designed for microsatellite loci of symbionts of Usnea ciliifera 
ID Forward and Reverse Primers (5ˊ-3ˊ) Repeat Type Allele size (bp) 
3CKV f: TCTCTCTTGTCGTTCAGGTG 
r: TCGAGTGTTGCACTTGTTTAC 
 
di-nucleotide 158 
3JET f: CTGCTTAATGCACAGTCGGG 
r: GCATAGCCCATGACTTGCTG 
 
di-nucleotide 275 
4JIT f: TCGCAGACAGAGTCGAACC 
r: TTGTGCTAAACTGGGAGCG 
 
di-nucleotide 377 
56B6 f: TTCTGGAGGACCACACTGC 
r: TGCTCCTTCCCTGTTCACC 
 
tri-nucleotide 260 
0B8T f: CGGCGCGTACGATAAAGTC 
r: ATAGACGGCCTCCACTTGC 
 
tri-nucleotide 389 
6FGU f: CTACATCCTGGGCACCCTC 
r: AGTCCCAGAGCATACCACG 
 
tri-nucleotide 163 
6FRD f: CAAGACGTGCCTGCCAAC 
r: AGCCATTATCAACGTTCCGTG 
 
tri-nucleotide 372 
6FZX f: TGCCTCGAGTATTCCTGCC 
r: AGCTTGAGATCCTGCTGGG 
 
tri-nucleotide 255 
6RIV f: CAAGACGTGCCTGCCAAC 
r: AGCCATTATCAACGTTCCGTG 
 
tri-nucleotide 370 
6UOY f: CTACATCCTGGGCACCCTC 
r: AGTCCCAGAGCATACCACG 
 
tri-nucleotide 162 
61AB f: CGGCGCGTACGATAAAGTC 
r: CGAAGAAGGCTCCTAAACCG 
 
tri-nucleotide 277 
77WN f: AGCCAGGATCAGCCTTCAG 
r: AGACACACGCCCAAGGTAG 
 
tri-nucleotide 354 
R5RU f: CTACATCCTGGGCACCCTC 
r: AGTCCCAGAGCATACCACG 
 
tri-nucleotide 162 
1S78 f: GGGCACTACGTCCCGATAC 
r: GATTGTGCGAGACCAGGG 
 
tetra-nucleotide 341 
4MDD f: ATGACCAGAGTGCCTTCCG 
r: AGCTTTGGGTCGTCTGGAG 
tetra-nucleotide 284 
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8.4 Discussion 
This study is the first effort in establishing microsatellite markers for a species of Usnea and a 
photobiont associated with this genus. Sufficient DNA from Usnea ciliifera was extracted for 
constructing a DNA library for pyrosequencing in this study. The dataset generated by sequencing was 
analysed and showed that some potential microsatellite loci had been detected. Therefore primers 
were designed and are now ready to be tested using the DNA of both symbionts.    
To my knowledge, this is the first study to examine the previously established microsatellite markers 
for Trebouxia corticola (Mansournia et al., 2012) as the photobiont of Parmotrema tinctorum for 
Trebouxia photobionts associated with different specimens of Usnea. Production of the right size of 
DNA using one of these markers for all examined specimens suggested the presence of cross-
amplification in the genus Trebouxia, which makes the application of specific markers of a particular 
species for another species possible.   
Before conducting the microsatellite study, one of the best methods of DNA isolation from Usnea 
lichens was selected in this research project (Chapter 3). That study showed that almost 90 ng/µl DNA 
could be extracted from an Usnea thallus using the Isolate Plant DNA Mini Kit (Bioline, London, UK). 
Based on the DNA extraction carried out in this project, in each DNA extraction reaction using this kit, 
almost 45 µl DNA solution was obtained at the final step (that is almost a total of 4050 ng DNA for 90 
ng/µl). However, this result was obtained in the DNA extraction from a lichen thallus and not from 
axenic cultures of the symbionts. This study showed that a much lower DNA yield was obtained from 
the axenic cultures of the symbionts compared with the whole thallus. To my knowledge, there is no 
study that has compared DNA extraction from a whole thallus and the separated symbionts. 
For the establishment of microsatellites for both the mycobiont and photobiont symbionts, the pure 
DNA of each partner is required and it is usually obtained from an axenic culture of each photobiont 
and mycobiont (e.g. following Widmer et al. (2010) who prepared algal and fungal DNA from axenic 
cultures in developing microsatellite markers for Lobaria pulmonaria). In this study, preparation of 
suitable DNA samples for pyrosequencing from axenic cultures of Trebouxia and Usnea was not 
achieved. The method for extracting DNA from axenic cultures of symbionts could not be optimised in 
this study because of the limited source of axenic cultures. The reason for this limitation was that the 
very slow-growing axenic cultures obtained were used in several different studies in this project (e.g. 
identification, microscopy, and in vitro relichenisation experiments). The whole genome amplification 
(WGA) method is commonly used for increasing the amount of DNA when the quantity of the source 
or DNA sample is limiting (Barker et al., 2004; Santella, 2006). However, although WGA has proven to 
be a practical technique in many studies, the quality of whole genome amplified DNA must be checked 
before sequencing (Hansen et al., 2007). The result of the quality check using electrophoresis in this 
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study confirmed the absence of genomic DNA band after WGA process and therefore it seems that the 
A260/280 ratio measured did not present the real genomic DNA concentration. However, it has been 
also reported that UV spectrophotometry methods are not able to differentiate between WGA DNA 
and WGA side products (Hansen et al., 2007). Therefore, it is possible that the measured concentration 
using nano-drop in this study might be significantly affected by the random hexamer primers available 
in the kit solution. However, the lack of genomic DNA bands on the agarose gels was seen frequently 
even for the samples that appeared to have plenty of DNA according to the quantification (using nano-
drop) and it might show that genomic DNA was digested exactly after extraction.  
Trebouxia cells have been directly isolated from lichen thalli for culturing in some previous studies 
(Mansournia et al., 2012). This was the main reason that this method was attempted in this study to 
obtain Trebouxia cells for direct DNA extraction. The main problem encountered was that less than 
one hundred cells could be collected through this method and fungal cells were observed among them 
under microscope. Therefore, this method also failed for preparing pure DNA for both symbionts.  
After failure in isolating pure fungal and algal DNA, the only way of sequencing both mycobiont and 
photobiont genome was to extract total DNA directly from the lichen thallus. However, by using this 
method, the DNA reads obtained from pyrosequencing were made from sequence data of both 
symbionts. To my knowledge, this is the first study to use mixed symbiont DNA for establishment of 
microsatellite markers. Presence of pure mycobiont DNA extracted from the central axis provides the 
opportunity to test the designed markers pure mycobiont DNA. Those markers that successfully work, 
should belong to microsatellite loci of the mycobiont and those ones which do not work (but are 
positive when tested against DNA from entire thalli) are probably from the photobiont; these primers 
should be tested using pure photobiont DNA extracted from axenic culture to confirm that they are 
photobiont microsatellites. Using the mixed symbiont DNA in this study has some advantages and 
disadvantages. The first advantage is the lower pyrosequencing cost because only one library needed 
to be constructed for sequencing. The second advantage is obtaining DNA information related to some 
of the other microorganisms within the thallus. The biggest disadvantage is performing more PCR 
amplifications for testing all primers using both fungal and algal DNA.         
The preparation of the DNA sample from the whole thallus to obtain the required quality and quantity 
encountered serious problems in this study. Based on the literature, preparing a suitable DNA sample 
for developing microsatellite markers is an important step and the precipitation of DNA has been 
previously recommended for the purification of the extracted DNA before the process of microsatellite 
establishment in some studies (Glenn and Schable, 2005; Yang et al., 2011). However, in this study it 
appeared that the specific chemistry of Usnea does not respond well to the common methods of DNA 
purification. In a very unusual case, degradation of a high-concentrated DNA extracted from thallus 
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was observed at 4 °C within one week, which might suggest the presence of residual nuclease (Rogers 
and Bendich, 1994) in the DNA dilution. However, one hour incubation of the extracted DNA at 65 °C 
did not solve this issue and so it seems that this degradation has non-enzymatic sources. Although 
many researchers have tried to develop specific methods for DNA extraction from lichens (Cubero and 
Crespo, 2002), it seems that the biochemistry of Usnea needs to be investigated and the mystery of 
DNA degradation in this genus is still to be discovered. This degradation is likely to be the main reason 
that the DNA extraction from many Usnea herbarium samples has failed in various studies (Bridge, 
1998; Kelly et al., 2011) and was also observed in this study (Chapter 4). This problem has been 
reported for lichens collected more than three years previously (Kelly et al., 2011). 
8.5 Conclusion 
Potential microsatellites were detected in this study for Usnea cillifera and the Trebouxia photobiont 
associated with this mycobiont. The primers were designed based on these regions in this study and 
they are currently being tested at Lincoln University for developing microsatellite markers. 
Establishment of these markers can assist investigating the importance of reproductive mode, 
dispersal, and intra- and inter-thallus population structure of these symbionts. This study has also 
demonstrated the potential of using some microsatellite markers that were developed for a particular 
species of Trebouxia photobionts for other species.   
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Chapter 9 
General Discussion and Conclusion 
 
 
 
 
 
Until relatively recently, lichens were mostly studied as fungi by largely ignoring the other important 
members of these complex biological communities, the photosynthetic partners (Ahmadjian, 1993a) 
and other endolichenic microorganisms (Hawksworth, 1993). Unlike most of the available literature, 
the genus Usnea was considered as a biological community in this study. This resulted in a need for 
some of the established thought about the genus to be seriously questioned. For example, the 
reliability of some of the most important published phenotypic characters, which have been commonly 
used for identification in this genus (Clerc, 1998), has been criticised for the first time and suggests 
that the importance of these morphological and biochemical characters may have been 
overestimated. The very large genetic distance between Usnea articulata collected in New Zealand 
and in the UK in this study may be a good example of the overestimation of the importance of 
phenotypic characters for specimen identification in this genus. 
This is the first study using molecular data from both Usnea mycobionts and their photobionts at these 
taxonomic and spatial scales. It provides a preliminary view of the species of Usnea and their Trebouxia 
partners in New Zealand. These molecular data, when compared to the available DNA datasets from 
other parts of the world, suggest the presence of previously unreported endemic species in New 
Zealand.  
For the first time, biodiversity data for the photobionts associated with Usnea mycobionts was 
generated. Although it has been suggested that the degree of photobiont specificity towards their 
mycobionts is not significant (Myllys et al., 2007; O'Brien, 2006), the phylogenetic analyses in this study 
show the importance of the availability of photobionts in lichenisation. ITS rDNA data alone may not 
be suitable for generating a robust phylogeny, especially for Usnea mycobionts (Truong et al., 2013); 
however, in this case it has provided sufficient genetic distance information for evaluating 
codiversification patterns using a new method of analysis that does not require fully-resolved 
phylogenetic trees (Balbuena et al., 2013). Strong signals of codiversification between mycobionts and 
photobionts in the genus Usnea were detected for the first time in this study. The patterns of 
codiversification were investigated at three different spatial scales, which also varied in taxonomic 
diversity. In explaining the genetic variation of the partners in this study, signature of each symbionts’ 
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genetic distance was clearly observed which shows the strong phylogenetic co-variation pattern in 
distributions of both partners. This pattern suggests that both partner specificity as well as several 
other factors including geography (which in turn reflects symbiont availability, ecological conditions, 
and habitat preferences), reproduction and dispersal strategies, and some elements which have never 
before been taken into account such as endochenic microorganisms, might play important roles in 
forming the genetic co-variation of mycobionts and photobionts.  
Many researchers from different disciplines such as ecology and conservation biology believe that 
without delimiting the species in a community, important questions cannot be addressed (Bernardo, 
2011). Another superiority of this study compared with similar studies of this type was in its 
independency of species delimitation (e.g. see Vargas Castillo and Beck (2012) for photobiont 
selectivity and specificity in Caloplaca species). This achievement was gained by generating a 
reasonable amount of molecular data, producing a genetic distance matrix, and using a Procrustean 
approach to co-phylogeny (Balbuena et al., 2013). 
This study opened a new door to the hidden world of algal photobionts associated with lichens in New 
Zealand. The presence of non-Trebouxia photobionts associated with Usnea specimens was tested 
against the common thought that Trebouxia algae are the only photobionts associated with species of 
Usnea (Anglesea et al., 1983; Articus, 2004b; Pittam, 1995) and interestingly, the existence of a possible 
secondary algal photobiont from a different genus, Coccomyxa, was uncovered in several specimens 
of Usnea in New Zealand through molecular and in vitro culturing methods. The in vitro relichenisation 
experiment in this study increased the possibility of presence of two algal photobionts from two 
different genera in a species of lichen for the first time by showing the association between Usnea and 
Coccomyxa. However, further studies are needed to investigate the actual roles of Coccomyxa cells 
within Usnea lichen thalli in nature. 
The complex lichen community of Usnea was revealed by isolating a wide range of culturable fungal, 
algal, and bacterial endolichenic organisms from within the thallus. However, molecular evidence also 
showed the presence of unculturable microorganisms, such as cyanobacteria within Usnea thalli. 
These results suggest that, due to these intra- and inter-thallus components, measuring the real level 
of specificity of symbionts towards each other in nature is not an easy task and can be addressed better 
in laboratory conditions by reducing the complicating parameters. An in vitro synthetic relichenisation 
protocol was successfully developed for this type of study. The completely different morphological 
structure of in vitro formed Usnea thalli observed in this study may be another indication of the 
importance of these complex factors in nature influencing the structure of the lichen symbiosis. One 
of the future prospects suggested by this study is investigating the exact roles of isolated endolichenic 
organisms in the Usnea lichenisation process.  
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Modern lichenology no longer includes only morphological and biochemical studies; molecular 
approaches are now used extensively (DePriest, 2004). However, for a variety of reasons, despite the 
speed of growth in molecular technology, there is still not a specific DNA extraction kit for lichens 
available on the market, limiting researchers to plant and fungal DNA extraction kits for isolating total 
genomic DNA (e.g. Nelsen and Gargas (2009) and Singh et al. (2012)). As observed by Kelly et al. (2011), 
amplification of certain DNA regions from the extracted DNA using the available kits is not always 
problem-free. In the present study, although the most suitable DNA extraction kit was selected, 
problems were encountered in both the isolation of DNA from the herbarium samples and in obtaining 
high-quality DNA for pyrosequencing. In those types of study in which only one of the symbionts is 
considered, a DNA extraction method suitable for isolating DNA from that particular symbiont is 
suitable. However, in studies which consider a lichen to be a whole community rather than a simple 
two-species symbiosis, DNA needs to be extracted from all organisms present in this community and 
therefore the problem is more obvious. Despite the advances made in this study, there is still a need 
to improve DNA extraction techniques for isolating DNA from Usnea specimens, particularly herbarium 
specimens.  
This project began the research process to establish microsatellite markers for at least one of the 
Usnea species, but unfortunately time consuming problems were encountered in DNA extraction and 
only some potential markers are reported. In future work, the developed microsatellite markers will 
hopefully address many questions about the ecology and biology of the genus Usnea, such as the 
amount of genetic diversity in the mycobionts and photobionts within the thallus and the effect of the 
preferred reproduction and dispersal modes on the population genetics of the partners. However, the 
rapid changes in molecular methodologies always provide surprising innovations for researchers. 
Recently, next generation sequencing (NGS) has become widely used and it has been also used in 
understanding the biology and ecology of lichens (Bates et al., 2012; Junttila and Rudd, 2012). As costs 
continue to reduce it is conceivable that NGS will become an alternative way to investigate the lichen 
symbiosis in place of current methods, such as microsatellite marker establishment and primer-based 
sequencing of partners, in the near future.  
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Appendix A 
Herbarium specimens 
A.1 The MAF transfer permission issued for transferring samples from Allan 
Herbarium to a laboratory at Lincoln University 
. 
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A.2 List of herbarium samples collected from Allan Herbarium, Lincoln, New 
Zealand. 
Species Location CHR Detected by 
Usnea acromelana O'leavy Pass Durt Burrier 
Range, North Auckland 
343369 F.J. Walker 
Usnea acromelana Mt Tapuaenuku,about 1000' 343765 F.J. Walker 
Usnea antarctica Kirkliston range 343229 F.J. Walker 
Usnea angulata  Chatham islands, Tuku-a-
Tamatea Nature Reserve, 
44°3'S 176°36'W 
577886 P.J.DeLange 
Usnea arida  Abbott's Hill Dunedin 376696 Galloway 
Usnea antarctica Antarctica cape washington 417372 R.D. Seppelt 
Usnea baileyi Australia Queensland 444163 J.A Elix and H. 
Streimann 
Usnea capillacea  Waikakahi valley 376946 Galloway 
Usnea ciliata  Tongue spur tapuaenuku 388792 J. Child 
Usnea ciliata Tripps Peak - 4 peaks range 374660 F.J. Walker 
Usnea cilifera  Mt Egmont (Taranaki) 376732 Galloway 
Usnea cilifera  Mac Kinan Pass area 545395 Galloway 
Usnea contexta  Kaimanawa Range, about 5000' 376966 Galloway 
Usnea flexilis Old man range, 5000' 384632 W.A. Weber 
Usnea florida Arthur's Pass 390349 J. Child 
Usnea inermis Silver Peaks near Dunedin 376803 Galloway + F.J. Walker 
Usnea glomerata Parachute Rocks St Arnaud 
Range 
266703 Galloway 
Usnea inermis Waiau, N. Canty Lottery Bush 414429 Galloway 
Usnea molliuscula  Wye River, Wairau River, 
Blenheim 
503805 A. Knight and J 
Bannister 
Usnea molliuscula Kaingaroa Plains Rotorua 376808 Galloway 
Usnea nidifica Chatman island 577822 D.S. Glenny 
Usnea ondoes Campbell Island 162717 G.W Dodge 
Usnea contexta or U. 
pellucida 
Mt Maungakia 376811 J.S. Thomson 
Usnea oncodes Matauwhi Bay, Russel, Bay of 
Islands 
162898 T.W.Rawsan 
Usnea pseudocapillaris Mt Amphion, 1380m 343485 F.J. Walker 
(+Galloway) 
Usnea pseudocapillaris  Western Slopes Forbes Mts, 
5500' 
343462 F.J. Walker 
Usnea pusilla = Usnea Florida Five Mile Stream Avon River 
Waihopai Valley 
503800 J. Bannister 
Usnea pusilla  Locher Burn Scenic Rserve 423228 P. Child 
Usnea rubescens Mangaotaki Stream King 
Country 
376817 Galloway 
Usnea rubicunda Te Piua, 64 miles North 
Grisbourne 
376822 Galloway 
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Usnea rubicunda Orowaiti estuary, near 
westpart, Nelson Land District 
83072 Galloway 
Usnea rupestris Flagstaff 384636 P.W. James 
Usnea simplex Silver Peaks, Otago 162271 Col. J.S. Thomson - No 
det 
Usnea simplex Paradise 1200' 390312 Col. J. Child - No det 
Usnea societatis = Usnea 
nidifica 
3 Kings Is. Great Is. NE 
Peninsula 
611202 Galloway 
Usnea sphacelata Mt Aspiring, NW Ridge 342745 F.J. Walker 
Usnea sphacelata Otago 343288 F.J. Walker 
Usnea spilota Hautapu River Head, tributary 
of Rangatiki River, central NI 
162275 T.W.Rawsan 
Usnea Straminea Fiordland, Caswell Sound 409601 T.W.Rawsan 
Usnea Subcapillaris Mt Fishtail, Malborough 384712 Galloway 
Usnea Subcapillaris Nelson, Mt Technical, above 
lewis pass 
343275 F.J. Walker 
Usnea teneria Maclennan River, Catlins 585198 T. Paul 
Usnea teneria Beaumont SF, Grindstawe Rd, 
1800' 
423232 P. Child 
Usnea torulosa Awatere Valley 458759 J. Braggins 
Usnea torulosa Oldman Range 534076 Galloway 
Usnea trichodeoides Palmerston North 384644 P.W. James 
Usnea trichodeoides Ilse Bourbon (France), 1889 611203 Rodriguez - No det. 
Usnea xanthopoga Geith Stream Dunedin 376855 Galloway + P.J. Walker 
Usnea xanthopoga Leatham River 503707 J. Braggins 
Neuropogon capillaris Rock and pillar range, 4500' 384699 John. Child 
Usnea capillacea = articulata Stewart Island 376717 Galloway 
Usnea arida = Usnea cornuta Akatarawa Saddle 376685 Galloway 
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Appendix B 
Field specimens 
B.1 Specimens of Usnea for which both mycobiont and photobiont ITS rDNA 
sequences were generated successfully 
Specimen North/South 
Islands 
Latitude Longitude 
10b S -43.181397 171.739601 
12 S -43.181397 171.739601 
13 S -43.181397 171.739601 
14a S -43.181397 171.739601 
16 S -43.181397 171.739601 
17 S -43.181397 171.739601 
18 S -43.181397 171.739601 
19a S -43.181397 171.739601 
19b S -43.181397 171.739601 
22 S -43.181397 171.739601 
24a S -43.181397 171.739601 
24b S -43.181397 171.739601 
25 S -43.181397 171.739601 
28 S -43.181397 171.739601 
29 S -43.181397 171.739601 
30 S -43.181397 171.739601 
34 S -43.181397 171.739601 
35 S -43.181397 171.739601 
37 S -43.181397 171.739601 
38 S -43.181397 171.739601 
41 S -43.181397 171.739601 
42 S -43.181397 171.739601 
44 S -43.181397 171.739601 
46 S -43.181397 171.739601 
47 S -43.181397 171.739601 
56b S -43.181397 171.739601 
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57 S -43.181397 171.739601 
58 S -43.181397 171.739601 
59a S -43.181397 171.739601 
59b S -43.181397 171.739601 
60a S -43.181397 171.739601 
60b S -43.181397 171.739601 
63 S -43.181397 171.739601 
64 S -43.181397 171.739601 
65 S -43.181397 171.739601 
66a S -43.181397 171.739601 
Specimen North/South 
Islands 
Latitude Longitude 
66b S -43.181397 171.739601 
68a S -43.181397 171.739601 
68b S -43.181397 171.739601 
69 S -43.181397 171.739601 
70 S -43.181397 171.739601 
71 S -43.181397 171.739601 
72 S -43.181397 171.739601 
73a S -43.181397 171.739601 
73b S -43.181397 171.739601 
74 S -43.181397 171.739601 
75a S -43.181397 171.739601 
75b S -43.181397 171.739601 
76 S -43.181397 171.739601 
77a S -43.181397 171.739601 
77b S -43.181397 171.739601 
78a S -43.181397 171.739601 
78b S -43.181397 171.739601 
79 S -43.181397 171.739601 
80a S -43.181397 171.739601 
80b S -43.181397 171.739601 
81a S -43.181397 171.739601 
82 S -43.181397 171.739601 
91 S -43.181397 171.739601 
92 S -43.181397 171.739601 
93 S -43.181397 171.739601 
94 S -43.181397 171.739601 
95 S -43.181397 171.739601 
96a S -43.181397 171.739601 
97 S -43.181397 171.739601 
98a S -43.181397 171.739601 
201 S -43.146409 171.724913 
202 S -43.146409 171.724913 
203 S -43.146409 171.724913 
204 S -43.146409 171.724913 
205 S -43.146409 171.724913 
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206 S -43.146409 171.724913 
207 S -43.146409 171.724913 
208 S -42.946371 171.569138 
210 S -43.146409 171.724913 
211 S -43.146409 171.724913 
216 S -43.146409 171.724913 
217 S -43.146409 171.724913 
218 S -43.146409 171.724913 
219 S -43.146409 171.724913 
220 S -43.146409 171.724913 
Specimen North/South 
Islands 
Latitude Longitude 
221 S -43.146409 171.724913 
229 S -43.146409 171.724913 
231 S -43.146409 171.724913 
232 S -43.146409 171.724913 
233 S -43.146409 171.724913 
236 S -43.146409 171.724913 
240 S -43.146409 171.724913 
241 S -43.146409 171.724913 
246 S -43.146409 171.724913 
265 S -43.146409 171.724913 
401 S -43.146409 171.724913 
402 S -43.146409 171.724913 
403 S -43.146409 171.724913 
404 S -43.146409 171.724913 
407 S -43.146409 171.724913 
408 S -43.146409 171.724913 
409 S -43.146409 171.724913 
410 S -43.146409 171.724913 
411 S -43.146409 171.724913 
500 S -43.661934 172.622436 
501 S -43.662419 172.621600 
502 S -43.661886 172.620124 
503 S -43.605138 172.648922 
504 S -43.604263 172.651695 
505 S -43.631884 172.622448 
506 S -43.630728 172.621885 
507 S -43.631143 172.620909 
508 S -42.981996 171.753139 
509 S -42.980641 171.738424 
510 S -43.799260 173.034528 
515 S -43.798948 173.034351 
518 S -43.799120 173.034435 
519 S -43.798938 173.034751 
522 N -40.643554 175.234455 
523 N -40.643554 175.234455 
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524 N -40.643554 175.234455 
525 N -39.045280 175.599411 
526 S -43.032934 171.772056 
528 S -39.019411 175.733824 
529 N -39.019411 175.733824 
530 N -39.019411 175.733824 
532 N -39.019411 175.733824 
533 S -43.146409 171.724913 
534 S -43.146409 171.724913 
535 S -43.146409 171.724913 
Specimen North/South 
Islands 
Latitude Longitude 
536 S -43.146409 171.724913 
537 S -43.146409 171.724913 
538 S -43.146409 171.724913 
539 S -43.146409 171.724913 
540 S -43.146409 171.724913 
541 S -43.146409 171.724913 
543 S -44.688686 169.163661 
544 N -41.278839 174.77658 
545 N -39.308734 174.104118 
546 N -39.308734 174.104118 
547 N -39.308734 174.104118 
548 N -39.308734 174.104118 
549 N -39.308734 174.104118 
550 N -39.308734 174.104118 
551 N -39.308734 174.104118 
552 N -39.308734 174.104118 
553 N -39.308734 174.104118 
554 S -43.844308 172.992568 
555 S -43.844308 172.992568 
556 S -43.844308 172.992568 
557 S -43.844308 172.992568 
558 S -43.844308 172.992568 
559 S -43.850522 172.943945 
560 S -43.850522 172.943945 
561 S -43.850522 172.943945 
562 S -43.850522 172.943945 
564 S -43.114236 171.701868 
565 S -43.114236 171.701868 
566 S -43.114236 171.701868 
567 S -43.114236 171.701868 
569 S -43.114236 171.701868 
570 S -43.114236 171.701868 
572 S -43.114236 171.701868 
573 S -44.298544 170.701103 
574 S -44.298544 170.701103 
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575 S -44.298544 170.701103 
576 S -44.298544 170.701103 
577 S -44.298544 170.701103 
578 S -44.298544 170.701103 
579 S -44.298544 170.701103 
580 S -44.298544 170.701103 
581 S -44.298544 170.701103 
582 S -43.589787 172.64225 
583 S -43.589787 172.64225 
584 S -43.589787 172.64225 
Specimen North/South 
Islands 
Latitude Longitude 
585 S -43.589787 172.64225 
587 S -46.578097 169.203186 
588 S -46.578097 169.203186 
590 S -46.56606 169.465399 
591 S -46.56606 169.465399 
592 S -45.87023 170.621881 
593 S -45.87023 170.621881 
594 S -45.87023 170.621881 
595 S -45.87023 170.621881 
596 N -38.935378 175.875406 
597 N -38.935378 175.875406 
598 N -38.935378 175.875406 
599 N -38.782725 176.247997 
602 N -38.782725 176.247997 
604 N -38.950882 175.844314 
605 N -38.950882 175.844314 
606 N -39.019411 175.733824 
608 S -43.289733 171.925843 
609 S -43.289733 171.925843 
610 S -43.289733 171.925843 
611 S -43.289733 171.925843 
612 S -43.197089 171.74136 
613 S -43.197089 171.74136 
614 S -43.197089 171.74136 
615 S -43.197089 171.74136 
616 S -43.197089 171.74136 
617 S -43.197089 171.74136 
618 S -42.99374 171.587563 
619 S -42.99374 171.587563 
620 S -42.99374 171.587563 
622 S -42.99374 171.587563 
623 S -43.911003 170.120487 
624 S -43.911003 170.120487 
625 S -43.911003 170.120487 
626 S -43.911003 170.120487 
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627 S -43.911003 170.120487 
628 S -43.911003 170.120487 
5422 N -35.210142 174.092138 
5423 N -35.210142 174.092138 
5424 N -35.210142 174.092138 
5425 N -36.54657 174.469492 
AK1 S -42.946371 171.569138 
AK2 S -45.776922 170.606074 
AK3 S -42.946371 171.569138 
AK4 S -42.946371 171.569138 
Specimen North/South 
Islands 
Latitude Longitude 
AK5 S -45.936691 169.552106 
AK6 S -42.946371 171.569138 
AK7 S -45.936691 169.552106 
AK8 S -42.946371 171.569138 
AK10 S -42.946371 171.569138 
ANGU N -38.360503 177.521839 
CAR1 S -43.146409 171.724913 
CILI S -45.414358 170.12249 
COR S -44.915283 168.739171 
CORN N -38.360503 177.521839 
CRA2 S -43.146409 171.724913 
CRA3 S -43.146409 171.724913 
DEN S -41.739617 171.802039 
DH1 S -43.628993 172.726679 
DH2 S -43.628993 172.726679 
DH3 S -43.628993 172.726679 
DH4 S -43.628993 172.726679 
GM1 S -42.447306 171.204089 
GP1 S -43.588722 172.740512 
Grand S -44.619066 169.327755 
Gun S -44.875822 168.097143 
Har1 S -41.018635 172.89628 
IL1 S -43.53024 172.576994 
IN1 S -44.311075 170.058517 
IN2 S -44.311075 170.058517 
IN3 S -44.311075 170.058517 
INER S -45.799785 170.503421 
INER2 S -43.822267 173.023481 
LB1 S -42.582411 171.493435 
LB2 S -42.582411 171.493435 
Lees S -43.135379 172.196689 
LEW S -42.374778 172.4001 
LT1 S -44.001706 170.470634 
LT2 S -44.001706 170.470634 
LT3 S -44.001706 170.470634 
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LT4 S -43.933722 170.392235 
LU1 S -43.645835 172.467819 
LU2 S -43.645835 172.467819 
LUK S -43.520796 171.833024 
MA1 S -41.128763 174.144773 
MA2 S -41.169868 174.121614 
MA3 S -41.169868 174.121614 
MA4 S -41.120293 173.761125 
MA5 S -41.120293 173.761125 
MA6 S -41.120293 173.761125 
Specimen North/South 
Islands 
Latitude Longitude 
MAX1 N -37.054081 175.660286 
MAX2 N -37.054081 175.660286 
MAX3 N -37.054081 175.660286 
MAX4 N -37.054081 175.660286 
Mike1 S -43.762215 173.057882 
Mike2 S -43.657689 172.828817 
MON S -43.747227 172.865746 
MS1 S -44.671522 167.92437 
MT2 S -43.719009 170.093365 
MT3 S -43.719009 170.093365 
N1 S -40.847791 172.77228 
N2 S -40.847791 172.77228 
N3 S -40.847791 172.77228 
N7 S -42.182741 172.220886 
N10 S -41.875696 172.240691 
N11 S -41.875696 172.240691 
N13 S -41.875696 172.240691 
N14 S -41.875696 172.240691 
N15 S -41.875696 172.240691 
N16 S -41.273968 173.304829 
N18 S -41.273968 173.304829 
N19  S -41.273968 173.304829 
N20 S -41.273968 173.304829 
N22 S -41.273968 173.304829 
N23 S -41.273968 173.304829 
N24 S -41.273968 173.304829 
NIDI N -35.210142 174.092138 
NINA37 S -42.470593 172.377115 
NO1 N -37.329765 175.241175 
NO2 N -41.40572 174.914432 
NO3 N -40.934849 175.58743 
NO5 N -40.934849 175.58743 
NO6 N -41.40572 174.914432 
NO7 N -38.894774 174.598789 
NO8 N -40.952548 175.65299 
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NO9 S -43.719009 170.093365 
NO11 N -39.257246 174.105091 
NO12 N -39.134321 174.731598 
NO13 N -39.5247 175.930538 
NO14 N -39.5247 175.930538 
NO15 N -39.5247 175.930538 
NO16 N -39.5247 175.930538 
NO17 N -39.328455 176.2703 
NO18 N -41.147056 174.978383 
NO19 N -38.983698 175.822735 
Specimen North/South 
Islands 
Latitude Longitude 
NO20 N -41.103674 174.918079 
NO22 N -41.281564 174.767736 
NO24 N -41.281564 174.767736 
NO25 N -41.103674 174.918079 
NO26 N -41.103674 174.918079 
NO27 N -41.103674 174.918079 
NO28 N -41.103674 174.918079 
NO29 N -37.054081 175.660286 
NO30 N -36.83663 175.738835 
NO31 N -41.315208 174.93237 
NO33 N -41.315208 174.93237 
NO34 S -44.081666 170.650406 
NO36 S -41.515262 173.956089 
NO37 N -38.341656 176.36384 
NO39 N -38.341656 176.36384 
NO40 N -36.819661 174.797273 
NO41 N -38.358888 177.539005 
NO43 N -36.845924 174.825723 
NO44 N -36.796639 175.095581 
NO45 N -36.796639 175.095581 
NO46 N -41.40572 174.914432 
NO47 N -41.099017 174.917343 
NO48 N -41.099017 174.917343 
NO49 N -41.099017 174.917343 
NO50 N -36.851398 174.771574 
NO51 N -40.389443 175.31491 
NV1 S -42.470593 172.377115 
NV2 S -42.470593 172.377115 
NV3 S -42.470593 172.377115 
NV5 S -42.470593 172.377115 
NV7 S -42.470593 172.377115 
NV8 S -42.470593 172.377115 
NV9 S -42.470593 172.377115 
NV10 S -42.470593 172.377115 
NV11 S -42.470593 172.377115 
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NV12 S -42.470593 172.377115 
NV13 S -42.470593 172.377115 
Oran3 N -41.40572 174.914432 
Otira S -42.799305 171.573093 
Peel1 S -43.91768 171.263015 
Peel2 S -43.91768 171.263015 
Peel3 S -43.91768 171.263015 
Phees S -45.531816 169.934413 
Rob1 S -41.25571 173.769243 
Rob2 S -41.25571 173.769243 
Specimen North/South 
Islands 
Latitude Longitude 
Rob3 S -41.25571 173.769243 
Rob4 S -41.25571 173.769243 
TAD1 S -45.197038 167.856617 
TAD2 S -45.197038 167.856617 
TAD3 S -45.197038 167.856617 
TAK S -41.021679 172.915571 
TAXHIL S -41.021679 172.915571 
TORU1 S -41.739617 171.802039 
TORU2 S -45.531816 169.934413 
UC1 S -43.522726 172.579064 
VIP1 S -43.592452 172.644281 
VIP2 S -43.592452 172.644281 
VIP3 S -43.592452 172.644281 
WH1 N -35.810435 174.150882 
WH2 N -35.810435 174.150882 
XAN S -45.143063 167.954494 
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Appendix C 
Growth Media 
C.1 Mycobiont (Fungal Partner) Culture Media 
1) 4% Water Agar Medium based on Pyatt (1973), Ahmadjian (1993), and Yoshimura et 
al. (2002): 
- Four gram agar is added into 100 ml of distilled water 
 
2) Lilly and Barnett (LB) Medium based on Lilly and Barnett (1951): 
No. Chemical Amount in 1 L 
1 Glucose 10.0 g 
2 L-Asparagine  2.0 g 
3 Potasium Dihydrate Phosphate (KH2PO4) 1.0 
4 Magnesium Sulfate Heptahydrate (MgSO4 .7H2O) 0.5 g 
5 Ferric Nitrate Nonahydrate (Fe(NO3)3 .9H2O 0.2 mg 
6 Zinc Sulphate Heptahydrate (ZnSO4 .7H2O) 0.2 mg 
7 Manganese Sulphate Tetrahydrate (MnSO4 .4H2O) 0.1 mg 
8 Thiamine 0.1 mg 
9 Biotin 5 µg 
• 15-20 g of agar can be added to the above ingredients to prepare solid LB medium. 
 
3) Malt/Yeast Extract Medium  based on Ahmadjian (1967): 
No. Item Amount in 1L  
1 Malt Extract 20 g 
2 Yeast Extract 2 g 
3 Agar 20 g 
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C.2 Photobiont (Algal Partner) Culture Media 
1) Bold’s Basal Medium (BBM) based on Deason and Bold (1960) and Bischoff and 
Bold, 1963): 
No. Chemical Amount (mg/L) 
1 Sodium Nitrate (NaNO3) 250 
2 Potasium Dihydrate Phosphate (KH2PO4) 175 
3 Dipotasium Hydrogen Phosphate (K2HPO4) 75 
4 Magnesium Sulfate Heptahydrate (MgSO4 .7H2O) 75 
5 Calcium Chloride Dihydrate (CaCl2 .2H2O) 25 
6 Sodium Chloride (NaCl) 25 
7 Ethylenediaminetetraacetic Acid (EDTA) 50 
8 Potassium Hydroxide (KOH) 31 
9 Ferrous Sulphate Heptahydrate (FeSO4 .7H2O) 4.98 
10 Hydrogen Borate : Boric Acid (H3BO3) 11.42 
11 Zinc Sulphate Heptahydrate (ZnSO4 .7H2O) 8.82 
12 Manganese Chloride Heptahydrate (MnCl2 .7H2O) 1.44 
13 Molybdenum Trioxide (MoO3) 0.71 
14 Copper Sulphate Pentahydrate (CuSO4 .5H2O)  1.57 
15 Cobalt Nitrate Hexahydrate (Co(NO3)2 .6H2O) 0.49 
• 15-20 g of agar can be added to the above ingredients to prepare solid BBM medium. 
 
2) Trebouxia Organic Nutrient Medium based on Ahmadjian (1967): 
No. Item Amount for 1L  
1 Bold’s Basal Medium (BBM) with one time nitrogen (1X N) 970 ml 
2 Proteose Peptone 10 g 
3 Glucose 20 g 
• 15-20 g of agar can be added to the above ingredients to prepare solid medium. 
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C.3 Cyanobacterial specific growth media: BG11 (Blue-Green) Medium 
 
A mixture of three stock solutions, A (100.0 ml), B (10.0 ml), and C (1.0 ml) is made up to 1 litre with 
deionized water and the pH is adjusted to 7.1. Bacteriological Agar (15.0 g) is added before autoclaving 
at 15 psi for 15 minutes. 
 
 
Stock Solution Compound Amount (g) 
A NaNO3 (Sodium Nitrate) 15.0 
 
 
 
B 
K2HPO4 (Dipotassium Phosphate) 2.0 
MgSO4.7H2O (Magnesium Sulphate Heptahydrate) 3.75 
CaCl2.2H2O(Calcium Chloride Dihydrate) 1.80 
Citric Acid 0.30 
Ammonium Ferric Citrate Green 0.30 
EDTANa2 (EDTA Disodium Salat) 0.05 
Na2CO3 (Sodium Carbonate) 1.00 
 
 
C 
H3BO3 (Boric Acid) 2.86 
MnCl2.4H2O (Manganese Chloride) 1.81 
ZnSO4.7H2O (Zinc Sulphate Heptahydrate) 0.22 
Na2MoO4.2H2O (Sodium Molybdate Dihydrate) 0.39 
CuSO4.5H2O (Copper Sulphate Pentahydrate) 0.08 
Co(NO3)2.6H2O (Cobalt(II) Nitrate Hexahyrdate)  0.05 
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